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Abstract 
The safe decommissioning of nuclear reactors, worldwide, is a major challenge facing the nuclear 
industry. Operational activities associated with nuclear decommissioning are expected to generate large 
volumes of high-level aqueous nuclear waste. Therefore, there is a growing need to develop new treatment 
processes. Previous work has shown nanomaterials are effective sorption materials for radionuclide 
removal. However, minimal research has been carried out on hybrid sorption materials consisting of 
selective functional groups and carbon-based nanomaterials. In this research, functionalised multi-walled 
carbon nanotubes (MWCNTs) and graphene oxide (GO), were prepared for the removal of long-lived 
radionuclides, namely, uranium (U(VI)) from aqueous solution. A series of synthesis procedures were 
applied to unmodified forms of MWCNTs and GO to enhance selectivity towards U(VI). This was 
accomplished by attaching surface complexing functional groups, such as, COOH, OH and CONH, onto 
the surface of the nanomaterial. For this work, chemical functionalisation was confirmed by Raman 
spectroscopy and X-ray photoelectron spectroscopy (XPS). The former technique involved monitoring 
the ratio of the Raman D and G bands (ID/IG), before and after functionalisation, via statistical Raman 
mapping studies. Overall, an increase in the ID/IG ratio was observed for each functionalised material. 
This suggests that the chemical functionalisation procedure applied to unmodified MWCNTs and GO 
materials was successful in introducing an increased number of defect sites suitable for the attachment of 
functional groups. This finding was further supported by high resolution XPS studies, which confirmed 
the presence of select surface groups of interest onto each material. The sorption behaviour of 
functionalised MWCNTs and GO materials towards U(VI) was investigated in the form of batch sorption 
studies with solution analysis by inductively coupled plasma mass spectrometry (ICP-MS). The following 
parameters, which are known to influence sorption behaviour were investigated, namely, the effect of pH, 
contact time and competing ions (Mg, Co, Zn, Sr, Pb and Th). This was done to assess the suitability of 
each material for nuclear waste treatment. Initial studies revealed that functionalised MWCNTs had 
minimal selectivity and loading capacity (Qmax) for U(VI) in aqueous solution. The results showed for the 
best-performing MWCNTs material (COOH-f MWCNTs), the U sorption and the distribution co-efficient 
(Kd) decreased, in the presence of competing ions from 97.4 ± 1.6 to 12.6 ± 1.0 % and 3.1×104 to 1.4×102 
mL g-1, respectively. Moreover, a Qmax of 34.01 mg g-1 was observed for COOH-f MWCNTs under 
optimal pH conditions. In terms of all the sorption materials tested, COOH-f GO, exhibited the highest 
selectivity (Kd of 3.7×103 mL g-1) for U(VI) in aqueous solution with a Qmax of 169.20 mg g−1. The sorption 
performance of COOH-f GO was tested using a high salinity aqueous nuclear waste sample (Sellafield, 
UK), which showed minimal selectivity for uranium (Kd of 1.0×102 mL g-1) even after pH-adjustment. 
Furthermore, a higher affinity for competing ions was observed with 85.0 ± 6.9 %, 82.5 ± 5.2 % and 87.5 
± 4.9 % of Mg, Sr and Pb removed by COOH-f GO. The effect of combining the high sorption capacity 
of COOH-f GO for uranium with magnetic separation (i.e. Fe3O4-f GO) was investigated by batch 
sorption studies using sequentially-extracted soil samples from the Laguna Sirven Deposit, Santa Cruz, 
Argentina. Overall, the results showed that Fe3O4-f GO can remove up to 86.7 ± 2.3 % of uranium from 
sample matrices relevant to uranium remediation. As such, the research described in this thesis could 
potentially find use in many future applications, including nuclear decommissioning and environmental 
remediation studies.   
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ORS3 octopole reaction system (3rd generation) 
RE radon emanation 
SE secondary electron 
TEM transmission electron microscopy 
TGA thermogravimetric analysis 
UV-Vis UV-Visible spectrophotometry 
XPS X-ray photoelectron spectroscopy 
A  atomic composition  
Ebin binding energy 
Eh redox potential 
FWHM full width at half maximum 
ID/IG intensity ratio between D and G Raman band 
Kd distribution co-efficient 
LOD  limit of detection 
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m/z mass to charge ratio 
MES multi-element standard 
ppb parts per billion 
ppm parts per million 
ppt parts per trillion 
Qe sorption capacity 
Qmax maximum sorption capacity 
R  chemical recovery  
RL separation factor 
rpm revolutions per minute 
RSF relative sensitivity factor 
S sorption 
S/L solid-to-liquid ratio 
TDB thermodynamic database 
ζ zeta potential 
   EARP enhanced actinide removal plant 
GDF geological disposal facility 
GWB geochemist’s workbench (GWB) 
HALES highly active liquid evaporation and storage 
HLW high level waste 
IAEA international atomic energy agency 
ILW intermediate level waste 
JNC Japan nuclear cycle database 
LLW low level waste 
LLWR low-level waste repository 
NDA nuclear decommissioning authority  
POCO post-operational clean-out 
PUREX plutonium uranium redox extraction 
SIXEP Sellafield ion exchange effluent plant 
t1/2 half-live 
THORP thermal oxide reprocessing plant 
UAMD uranium acid mine drainage 
UKRWI UK radioactive waste inventory 
UTEVA  uranium and tetravalents actinides 
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1.0 Introduction  
The Nuclear Decommissioning Authority (NDA) has identified the need to research graphene-
based materials (GBMs) for their potential use in nuclear waste treatment processes [Davies et al., 
2016]. In the last few years, GBMs such as graphene oxide (GO), and carbon nanotubes (CNTs) 
have been used in a range of technological applications on account of their attractive intrinsic 
material properties [Huang et al., 2011]. Attractive features of this class of materials include a high 
surface area, which introduces nanoscale dimensionality, and an increased degree of surface 
functionality [Lonkar et al., 2015]. The latter property facilitates the covalent attachment of 
chelating ligands, i.e. selective surface complexing groups onto the surface of the nanomaterial, to 
help form enhanced hybrid sorption materials [Wang et al., 2013]. Thus, it is in this context that 
GBMs and MWCNTs may be considered as ideal materials for use in aqueous nuclear waste 
treatment [Sun et al., 2012; Liu et al., 2016; Deb et al., 2013; Wu et al., 2018; Zhao et al., 2015]. 
As such, this research project was designed to investigate the development and characterisation of 
novel functionalised CNT and GO materials and their sorption performance towards uranium 
species in aqueous solution.  
This introductory chapter of the thesis aims to introduce and evaluate the literature relating to: (i) 
aqueous uranium chemistry, (ii) nuclear waste treatment in the UK; the current status of methods 
available for radiochemical removal; and lastly, a review on the current use of nanomaterial sorbent 
materials for radionuclide removal. 
1.1 Introduction to Radionuclides 
The study of radionuclides was first instigated by Henri Becquerel, Marie Skłodowska-Curie, and 
Pierre Curie who discovered the mechanism by which uranium salts emit radiation from distinct 
radionuclides, i.e. radioactive decay [Becquerel and Curie, 1901]. This discovery led to the 
separation, isolation and identification of the first two known radionuclides, polonium (Po) and 
radium (Ra), from uranium [Baranowska, 2016]. Currently, the total number of known 
radionuclides has grown to over 2000 [Choppin et al., 2002]. However, of most relevance to this 
research project are the radionuclides found in the uranium and actinium-decay chains (see 
Appendix A), namely the uranium isotopes [Lehto and Hou, 2011]. 
1.1.1 Aqueous uranium chemistry 
Uranium is an actinide element with the atomic number 92 and has three naturally occurring 
radioisotopes with the following natural abundances (%) and half-lives (t1/2). The parent 
238U 
(99.28 %, t1/2 = 4.47× 10
9 ± 0.005 y), the daughter 234U (which is in secular equilibrium with 238U) 
(0.0058 %, t1/2 = 2.455 × 10
5 ± 0.006 y) and the parent 235U (0.72 %, t1/2 = 7.04 × 10
8 ± 0.01 y) 
[Lehto and Huo, 2011; Cowart and Burnett, 1994]. The high prevalence of uranium makes it a vital 
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radionuclide to monitor in the environment [Bhalara et al., 2014; Yu et al., 2015]. Worldwide, there 
are more than 200 types of mineral deposits of uranium with a total average abundance of ~ 2.4 mg 
kg-1(parts per million or ppm) present on the Earth’s crust [Bodansky, 2004]. The most abundant 
uranium minerals in the environment are uraninite (UO2), coffinite (U(SiO4)0.9(OH)0.4) and 
vanuralite (Ca(UO2)2(VO4)2.6(H2O), which are typically strongly associated with sedimentary and 
sandstone-rocks [Meinrath et al., 2003]. 
In addition to naturally-occurring deposits of uranium, anthropogenic activities have led to 
significant levels of uranium being released into the environment. These are mainly attributed to 
activities involving uranium mining, legacy nuclear weapons testing and spent nuclear fuel 
reprocessing (see section 1.2) [Nolan and Weber, 2015]. The chemistry of uranium is complex as 
several physio-chemical parameters, such as, solution pH, redox potential (Eh) and oxidation state 
are known to affect the solubility and thus, mobility of uranium in aqueous solution (see Figure 
1.1). At low pH and oxidising (oxic) conditions, the most dominant species in aqueous 
environmental systems are highly mobile and stable U(VI) species, such as, uranyl ions (UO2
2+), 
which can be readily bio-accumulated by the surrounding environment [Abdelouas et al., 1998]. 
As the pH of the solution reaches pH 6 and reducing (anoxic) conditions are introduced to the 
system e.g. the presence of the mineral pyrite (FeS), neutral tetravalent uranium (UIV) species, such 
as UO2, are increasingly observed, which have previously been shown to display limited mobility 
in aqueous solution [Tapia-Rodriguez et al., 2010; Anderson, 1984]. 
 
Figure 1.1: Eh-pH diagram of a uranium-H2O system plotted using the Geochemist’s 
Workbench (GWB) geochemical software and the Japan Nuclear Cycle (JNC) 
database. Figure reprinted with permission from [Naoto, 2005]. Experimental 
conditions: uranium concentration = 1×10-9 mol L-1, T = 25°C).   
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1.2 Nuclear Waste Treatment  
In the UK, the Sellafield nuclear site based in Cumbria, North West England, has been used for the 
past 50 years to reprocess and store spent nuclear fuel produced by nuclear power reactors, both 
nationally and from overseas [Blowers, 2016; Morley et al., 2000; Taylor, 2015]. Typically, spent 
fuel reprocessing is completed at both the Sellafield Magnox and Thermal Oxide Reprocessing 
Plant (THORP) facilities by following the procedure summarised in Table 1.1 [NDA, 2014]. 
However, reprocessing at both of these facilities are expected to cease by 2020 [Riley et al., 2009; 
NDA, 2018]. As such, the large volume of legacy radioactive waste generated during the 
operational lifetime of the plant needs to undergo nuclear decommissioning via post operational 
clean-up (POCO) activities [NDA, 2017; MacKerron, 1991].  
Table 1.1: Overview of the steps followed during spent nuclear reprocessing [NDA, 2014]. 
Spent nuclear reprocessing process 
(1) spent material is dismantled by removing cladding surrounding the fuel, 
(2) the separated spent fuel undergoes acid dissolution to produce highly active aqueous waste 
containing both uranium and plutonium, 
(3) solvent extraction processes i.e. Plutonium Uranium Redox EXtraction (PUREX) are applied 
to separate uranium and plutonium from the dissolved fuel via the addition of organic ligands, 
such as kerosene and tri-butyl phosphate (TBP), which enables for 97% of the fuel to be 
recycled, 
(4) the remaining waste (3%) is treated in a Highly Active Liquid Evaporation and Storage tank 
(HALES) and is solidified via vitrification for storage until the geological disposal facility 
(GDF) is open est. 2040. 
The safe decommissioning and eventual disposal of the generated nuclear waste at Sellafield is 
estimated to cost the UK ~ £120 billion over the next 120 years [Carey et al., 2018]. Thus, effective 
treatment processes need to be developed to ensure that the waste assigned for storage is minimised. 
Radioactive waste can be assigned into the following categories: low-level, intermediate-level or 
high-level waste with the proportion of total waste (%) for each shown in brackets [Rahman et al., 
2011]. High-level waste (HLW, ~ 0.03%) is classified by the UK Radioactive Waste Inventory 
(UKRWI) as waste containing enough activity to increase the temperature of the facility [Morris et 
al., 2011; NDA, 2009]. Thus, HLW is currently vitrified (see step 4 in Table 1.1) into a solid 
product and stored for 50 years to reduce its temperature before disposal into a geological disposal 
facility (GDF) [NDA, 2014]. The intermediate-level waste (ILW, 6.4%) doesn’t produce heat but 
its activity is higher than those observed for low-level waste and thus, undergoes the same treatment 
process as HLW [NDA, 2014]. Lastly, the predominant waste within this category is low-level 
radioactive waste (LLW, ~ 93.6%). This is typically the solid waste that is generated during 
treatment processes at Sellafield, UK e.g. ion-exchange resins (see Chapter 1, section 1.2.1) or low 
activity (<4 GBq per tonne of alpha (α) activity or 12 GBq per tonne of beta (β) activity) waste 
from hospitals or research and development, which can be removed and safely disposed of into a 
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low-level waste repository (LLWR) facility [Mathieson et al., 2005; Rossiter and O’Donnell, 
2011]. 
1.2.1 Existing treatment processes at Sellafield, UK 
The aqueous nuclear waste present within the Sellafield plant are typically comprised of a complex 
mixture of long-lived radionuclides, in particular actinide species, short-lived fission products 
(caesium, 134/137Cs), activation products (cobalt, 60Co) and inactive competing ions [Stram, 2011]. 
This waste needs to be selectively treated via a combination of treatment processes. This would 
ensure that the total volume of high-to-intermediate level aqueous waste designated for long-term 
disposal into a GDF is minimised [Horsley, 1990; Fryxell et al., 2005]. Therefore, the treated waste 
could potentially be re-categorised as low or very low-level waste and be placed into a LLWR 
facility [Ogden et al., 2017; Pepper et al., 2018]. 
Currently, there are two types of facilities in place at Sellafield to deal with medium to low-level 
activity aqueous nuclear waste (see Figure 1.2) [Arm and Phillips, 2011]. The first treatment facility 
is the Site Ion Exchange Effluent Plant (SIXEP), which has been operational since 1985 [Dyer et 
al., 2018]. The plant uses ion-exchange columns packed with the natural zeolite, clinoptilolite 
(Na6Al6Si30O72.24H2O), to treat alkaline aqueous nuclear waste present in ponds and silos, which 
were previously used to store spent nuclear reprocessing fuel [Dyer et al., 2018; IAEA., 2002; 
Morley et al., 2000]. Thus, this treatment plant was originally designed to remove soluble nuclear 
fission products, such as, 90Sr and 134/137Cs, due to the high presence of these species in the bulk 
effluent (see Table 1.2) [Weatherhill, 2017; Carey et al., 2018]. 
 
Figure 1.2: Basic overview of the main aqueous nuclear waste treatment processes in place 
at Sellafield, Cumbria, UK. Figure adapted from [Wilson, 1996]. 
Highly Active Liquid
Evaporation and Storage
(HALES)
Sellafield Ltd, Cumbria, UK
Medium-level Low-activity pond water
Enhanced Actinide Removal
Plant (EARP)
Solvent Treatment
Plant (STP)
Sellafield Ion Exchange
Effluent Plant (SIXEP)
Discharge treated
waste to sea
Trace-levelLow-level
Radioactive waste generated from spent nuclear reprocessing (Magnox and THORP)
Immobilisation of waste via vitrification or cement to be placed into a storage facility for disposal 
Organic solventHigh-level
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Table 1.2: Typical concentrations (mg L-1) of radionuclide and non-active competing ions present in nuclear aqueous waste effluent treated in the 
Enhanced Actinide Removal Plant (EARP) and Site Ion Exchange Effluent Plant (SIXEP) treatment plants at Sellafield, Cumbria, UK. 
where DF = decontamination factor of key radionuclides removed during both industrial treatment processes. This parameter refers to the ratio of activity of the select 
radionuclide prior to and after the SIXEP and EARP treatment process, respectively [Lehto et al., 1999]. 
 
Site Description Radionuclide species / mg L-1  Non-active species / mg L-1 Reference 
Site Ion Exchange Effluent Plant 
(SIXEP), Sellafield, Cumbria, UK 
134/137Cs: 0.2 (DF: 2000) Na: 100 [Carey et al., 2018] 
90Sr: 0.0005 (DF: 500) Mg: 0.99  
Enhanced Actinide Removal Plant 
(EARP), Sellafield, Cumbria, UK 
 
241Am: 1.6×10-4 (DF: 2500) Pb: 0.2 – 0.4 [Weatherhill, 2017] 
[Carey et al., 2018] 
239/241Pu: 1.8×10-3 (DF: 2600 - 8700) Cu: 0.7 - 1.2 
U: 0.2 (DF: 3800) Zn: 5 - 10 
237Np: 0.19 Cr: 0.1 – 0.5 
137Cs: 3.0×10-5 Ca: 25 
134Cs: 6.3×10-8 Al: 0.3 
129I: 0.015 Mg: 0.3 
90Sr: 3.5×10-6 Fe(OH)3: 400 
60Co: 6.6×10-8 B(OH)3: 300 
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The second facility is the Enhanced Actinide Removal Plant (EARP), which is used to treat highly 
acidic (~ 7 M HNO3) medium-level effluent from the Magnox reprocessing plant. Initially, the 
waste is concentrated by evaporators and a co-precipitation treatment is applied to the waste via 
the addition of sodium hydroxide (NaOH) [Watson and Ellwood, 2003]. This results in the 
formation of ferric (Fe(III)) hydroxide flocs (typically over 400 milligrams per litre (mg L-1)), which 
are capable of retaining the actinide species present in the waste [Collier et al., 2006]. Despite the 
wide-spread use of both treatment processes, poor selectivity towards target radionuclide species, 
in particular actinide species, which are present in concentrations of ~ 1×10-3 mg L-1 in the bulk 
effluent feed, are still observed [Lin et al., 2005; Fryxell et al., 2005].  
In addition to the treatment of legacy nuclear waste, there exists a growing need to address the 
environmental concerns associated with the effluent waste generated during uranium ore 
processing [Sethy et al., 2013]. Frequently, in-situ acid-leach processing is used to extract uranium 
from the mineral ore by injecting a leaching solution of dilute sulphuric acid (H2SO4) directly 
underground into the mine (see Figure 1.3). However, this process has been found to lead to large 
volumes of uranium acid mine drainage (UAMD) waste, which can contain high concentrations of 
soluble uranium (UO2
2+) species and sulphate (SO4
2-) species. In addition, it can lead to 
contamination of groundwater and soils near the mining site (see Table 1.3) [Satybaldiyev et al., 
2015]. Thus, further research into the development and application of advanced materials capable 
of rapid and efficient treatment of waste associated with uranium ore processing is required. This 
would ensure that discharges released to the surrounding environment meet the limits placed by 
regulatory agencies [Fernandes et al., 1996]. 
 
Figure 1.3: Schematic showcasing the key stages of the nuclear fuel cycle from uranium 
mining to spent nuclear reprocessing. Figure reprinted with permission from 
[Cleveland and Morris, 2013]. 
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Table 1.3: Typical elemental concentrations (mg L-1) of effluent waste and contaminated soil samples collected from uranium ore processing plants 
reported worldwide.  
  
Sample 
description 
Location Sample composition / mg L-1  Detection 
technique 
Solution pH Reference 
Raw mine water  Caldas Uranium Mine 
(CUMEP), Minas Gerais, 
Brazil 
U: 10  ICP-OES 2.6 [Nascimento et al., 
2004] 
 
Fe: 190  
Mn: 30  
F-: 48 UV-Vis  
SO42-: 1300  
Raw mine water Königstein Uranium Mine, 
Saxony, Germany 
U: 16.3  ICP-MS 2.85 [Ulrich et al., 2006] 
 Fe: 276  
Mn: 12.4  
SO42-: 1260  UV-Vis  
Raw mine water
  
Straz pod Ralskem, Czech 
Republic 
U: 178  ICP-OES 1.8 [Klimkova et al., 
2011] 
 
Na: 10.9 
Fe: 607  
Mn: 6.1  
SO42-: 1.3×104  IC 
NH4+: 175  
Acid mine 
discharge 
Ranger Mine, Northern 
Territory, Australia 
U: 233 UV-Vis  
 
1.2 [Ring et al., 2004] 
Fe: 5.2×104  
Mn 78  
SO42-: 2.9×105  
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Table 1.3. continued… 
a Soil samples were digested using HF/HNO3 acid digestion. bSoil samples underwent single-step sequential extraction. LSC = liquid scintillation counting, ICP-
OES = inductively coupled plasma optical emission spectrometry, IC = ion chromatography, UV-Vis = UV-Visible spectrophotometry, ICP-MS = inductively coupled plasma 
mass spectrometry, LF = laser fluorimetry.
Acid mine 
discharge  
Witwatersrand Basin, South 
Africa 
U: 8.7  ICP-OES 3.4 [Tutu et al., 2008] 
 Fe: 17.5  
Mn: 3.26  
Mg: 74.8 
SO42-: 551  IC 
Cl-: 38.4 
Acid mine 
discharge 
Uranium Mine, Curilo, 
Bulguria 
U: 4.8  ICP-OES 4.2 [Groudev et al., 2008] 
 Fe: 1072  
Mn: 55  
As: 0.59  
SO42-: 1.8×103  IC 
Soil sample Uranium Mine, Buhovo, 
Bulgaria 
U: 62  ICP-MS a [Mihaylova et al., 2013] 
 
Th: 70  
Soil sample Uranium Mine, Guangdong 
Province, China 
U: 161  ICP-MS a [Wang et al., 2016] 
Th: 85  
Soil sample Uranium Mine, Cunha Baixa, 
Portugal 
U: 9.8  LF  a [Matias and Neves, 
2004] 
Soil sample Urgeiriça Mine, Canas de 
Senhorim, Portugal 
U: 662  LSC a [Abreu et al., 2014] 
Soil sample Doha, Qatar. U: 0.471 – 8.948 ICP-MS b [Amr et al., 2010] 
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1.3 State of the Art Methods for Radionuclide Separation  
The current state of research in the field of radiochemical separation and analysis has led to the 
following commercially available technologies; extraction chromatography (section 1.3.1), ion-
exchange chromatography (section 1.3.2) and crown ether extraction (CEE) columns (section 
1.3.3). Horwitz et al,. chiefly developed these methods in the late 1960’s for the selective separation 
and removal of radionuclides from aqueous nuclear waste samples prior to radiometric analysis, 
namely for the actinide species i.e. uranium, americium and thorium [Horwitz et al., 1967]. 
Typically, a chemically identical tracer is added at the start of the sample preparation procedure to 
determine the amount of target radionuclide species removed by the method i.e. the chemical 
recovery (R) (see Equation 1.1): 
R (%) = 
𝐶𝑓
𝐶𝑖
×100  
Equation 1.1: Chemical recovery (R, %) 
where Ci and Cf refer to the initial and final concentration of the tracer (mg L
-1). The following 
sections will review the main principles of the three commercially available methods of 
radionuclide separation and their respective chemical recoveries, as reported in the literature (refer 
to Table 1.3 for summary).  
1.3.1 Extraction chromatography (EC) 
This method involves the use of a solvent extractant (the liquid stationary phase), which is selective 
for target radionuclides, attached to the surface of an inert support column (see Figure 1.4 a) 
[L’Annunziata et al., 2012]. Removal of radionuclides is then accomplished via complementary 
interactions with different acid diluents (the liquid mobile phase). 
 
Figure 1.4: The typical set-up: (a) of the extraction chromatography (EC) column and the 
chemical structure of the chelating ligand; (b) dipentyl pentylphosphonate 
(DPPP). Figure reprinted and adapted with permission from [Horwitz et al., 
2016].  
Chapter 1: Introduction 
10 
The EC column of choice used to separate actinides, namely uranium, is the UTEVA (Uranium and 
TEtraValents Actinides) EC column, which was initially developed by Horwitz et al. (1992). The 
column consists of dipentyl pentylphosphonate (DPPP) as the chelating ligand (see Figure 1.4 b), 
which is the active component selective for actinide complexation. The solid support is the inert 
polymer resin, Amberlite XAD-7 [Horwitz et al., 1992; Horwitz, 2016; Horwitz et al., 1993]. Lee 
et al. (2005) have reported an effective method to selectively separate uranium from mixed actinide 
sediment samples [Lee et al., 2005]. The procedure designed by the group involved a combination 
of techniques that used anion-exchange columns (section 1.3.2) to remove first actinides, such as 
americium (Am(III)). Then, it requires the use of a UTEVA EC column loaded with chemical agents, 
such as 2.5 M nitric acid (HNO3), FeH4N2O6S2 and ascorbic acid (C6H8O6), to remove trace 
amounts of plutonium as PuIII (74 - 95 %) via reductive stripping. Lastly, to separate out uranium 
from the sample, 0.01 M hydrochloric acid (HCl) was used to elute UVI with a reported chemical 
recovery of 85 – 100 %.  
Michel et al. (2008) have also demonstrated the feasibility of using UTEVA EC columns for the 
selective separation and removal of uranium and thorium (Th) from mixed actinide soil and 
sediment samples [Michel et al., 2008]. The UTEVA EC column was rinsed with 8 M HCl and 
sodium nitrate (NaNO2) to elute Th
IV to give a chemical recovery of 85 - 95 %. Furthermore, 
uranium was eluted from the column by using 1 M HCl to give a reported chemical recovery of up 
to 80 – 90 %. 
1.3.2 Ion-exchange chromatography (IEC) 
Another common method used to separate and recover radionuclides from aqueous solution is ion-
exchange chromatography (IEC) [Fritz et al., 2009]. The columns used for IEC typically consist of 
inert polymeric resins, which have been covalently functionalised with selective chelating groups, 
e.g. sulphonate (-SO3
-) groups for a cation-exchange column, and quaternary amine groups (-NR3
+) 
for a strong anion-exchange column (see Figure 1.5) [McGarvey, 1981; Sengupta, 2017].  
 
Figure 1.5: Electrostatic interactions observed between the quaternary amine groups (NR3
+) 
present in the anion-exchange resin, which enable for the sorption of anionic 
uranium species [UO2(Cl)4]
2-. The figure is adapted from [Fritz et al., 2009].  
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Once the functionalised column is exposed to different acid diluents e.g. hydrochloric acid solution 
(HCl), removal of radionuclides can occur via the exchange of ions in the sample solution [Lieser, 
2001; Kunin et al., 1957]. Strong anion-exchange columns were first found to be selective for the 
separation of mixed actinide (U/Th) samples by Kraus et al. (1956) who illustrated their valuable 
use in separating UVI and ThIV [Kraus et al., 1956]. The paper demonstrated that ThIV showed 
minimal sorption onto the column with dilute and concentrated HCl solutions as the acid diluent; 
while UVI could be strongly sorbed onto the column under the same conditions. Work completed 
by Maiti et al. (1992) also showed that UIV could be removed from UVI fractions by using an acid 
diluent consisting of HCl and hydrofluoric acid (HF) [Maiti et al., 1992]. Furthermore, Ladeira and 
Morais (2005) have also highlighted the efficiency of commercial strong anion-exchange columns, 
namely the IRA® 910 U, for the removal of uranium present in uranium-mined environmental waste 
samples [Ladeira and Morais, 2005]. The column was comprised of a polystyrene-divinylbenzene 
(PS-DVB) resin with benzyl-dimethyl (2-hydroxyethyl) ammonium groups attached to the resin 
surface. Overall, the resin produced chemical recoveries of 90 % and a distribution co-efficient 
(Kd) (see Chapter 2, section 2.5.1, equation 2.6) of 6.7×10
3 mL g-1 was achieved under acidic 
solution pH [Ladeira and Gonalves, 2007]. 
Horwitz et al. (2003) first developed hybrid ion-exchange chromatography columns, replacing the 
traditional use of anion-exchange groups (NR3
+), with selective MnO2 particles embedded in a 
polymeric resin, polyacrylonitrile (PAN), to form a MnO2-PAN column [Horwitz et al., 2003]. 
This particular hybrid column was found to be suitable for the removal of radium isotopes with 
recent studies performed by Dulanská et al. (2015) demonstrating the effectiveness of the column 
[Dulanská et al., 2015]. Overall, the group reported that MnO2-PAN was suitable for the selective 
removal of RaII from natural groundwaters. Typically, the procedure involved using 6.5 M HCl to 
elute out radium from the column, with the use of barium (Ba) as a stable radiotracer, and resulted 
in chemical recoveries of up to 92 - 100 % [Dulanská et al., 2015].  
Other groups have also reported the suitability of MnO2-embedded columns for the removal of 
strontium and heavy metals, which are known to compete with radium isotopes for ion-exchange 
[İnan and Altaş, 2010; Lenoble et al., 2004; Nilchi et al., 2012; Zhu et al., 2007]. For instance, Zhu 
et al. (2007) adopted the use of MnO2-D301, an anion-exchange resin consisting of MnO2 particles 
embedded onto a PS-DVB matrix, for the removal of cadmium (Cd) [Zhu et al., 2007]. The paper 
reported that after 360 min contact time, 100 % of CdII was removed by the MnO2-D301 resin (see 
Figure 1.6). This particular finding illustrates one of the main limitations associated with the current 
technologies available for chemical separation. Namely, the negative impact of competing ions e.g. 
Cd have on the selective removal capability of the chelating ligand, MnO2. 
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Figure 1.6: The sorption behaviour of CdII observed on a MnO2-D301 column. Figure 
reprinted with permission from [Zhu et al., 2007]. 
1.3.3 Crown ether extractants (CEE) 
In general, the development of extraction and ion-exchange chromatography columns has led to 
the following sample preparation steps that can be used for the chemical separation and eventual 
removal of radionuclide species, as summarised in Table 1.4.  
Table 1.4: Summary of sample preparations steps followed for commercial extraction and 
ion-exchange chromatography columns to remove target radionuclide species 
present in aqueous solution.  
Sample preparation steps 
(1) functionalisation of inert polymer resin with an active chelating ligand e.g. dipentyl 
pentylphosphonate (DPPP) or quaternary amine groups (-NR3+) to form extraction or ion-
exchange chromatography columns (see sections 1.3.1 and 1.3.2), 
(2) packing of functionalised chromatography resin onto a column 
(3) use of an acid diluent suitable for the removal of target radionuclides species from the 
column, 
(4) analysis of the interaction between removed target species and the column via an appropriate 
elemental detection technique (see section 2.4). 
The most significant sample preparation step, which can be further optimised, is that involving the 
selection of the active chelating ligand. A promising class of materials, which have been widely 
investigated in the literature as excellent chelating ligands for the selective removal and treatment 
of radioactive nuclear waste, are crown ethers. Several authors have reported that a superior level 
of selectivity and rapid sorption kinetics could be achieved with crown ether-based EC and IEC 
systems [Bond et al., 2000; McDowell, 1988; Nesterov, 2000]. This is primarily due to the high 
selectivity crown ethers have for cation complexation, enabling targeted binding of metal cations; 
a phenomenon first observed by Pedersen in the late 1960’s [Beer et al., 1999; Pedersen, 1967].  
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Liquid-liquid extractant systems based on the use of 18-crown-6 ether ligand systems have been 
increasingly employed for the separation and removal of strontium, radium and uranium, 
respectively [Surman et al., 2014; Lemaire et al., 1991]. Dietz et al. (1992) were the first to initiate 
research into crown ether-based extraction chromatography columns and developed the Sr-EC resin 
[Dietz et al., 1992]. The Sr resin, which has industrial applications for the removal of iron (Fe), 
radium and strontium, contains 4, 4′(5′)-di(tert-butylcyclohexano) 18-crown-6 ether (DTBCH-
18CE6) immersed in 1-octanol as the chelating ligand (see Figure 1.7 a). Grahek et al. (2013) used 
this particular crown ether-based EC column for the selective separation and removal of SrII and 
FeIII in both aqueous nuclear waste samples and inductively coupled plasma mass spectrometry 
(ICP-MS) calibration standards (ideal solution) Grahek et al., 2013]. The Sr-EC column was pre-
loaded initially with 6 M HCl and 3 M HNO3 to elute any interfering competing ions, e.g. Ca
II. The 
initial step of column pre-conditioning was found to result in an increase in the presence of [NO3
-] 
and [Cl-] anions, enabling both SrII and FeIII to be sorbed onto the column, due to the formation of 
Sr(NO3)2 and Fe(NO3)3 complexes with DTBCH-18CE6, respectively. Thus, to elute the sorbed 
SrII and FeIII samples onto the column, different concentrations of HCl acid diluents were used. 
Overall, the group observed that up to 60 – 75 % of SrII could be recovered from waste samples and 
75 - 85 % of SrII with ideal ICP-MS calibration standards.  
McAlister et al. (2011) have also recently used this particular Sr-resin for the selective separation 
and recovery of Ra isotopes from Ca, Ba and Pb [McAlister et al., 2011]. Samples were loaded in 
0.5 M HClO4 and 3 M HNO3 at flow rates of 2 mL min
−1, which produced chemical recoveries of 
99% for RaII. The success of the Sr-resin indicates selective extractant agents, such as crown ether 
structures, may be useful in extracting radionuclides when immobilised onto a suitable solid 
substrate, such as nano metal oxides (NMOs) or carbon nanomaterials [Duman and Ayranci, 2010]. 
This is further discussed in detail in section 1.4.  
Another crown ether-based system has been developed by the 3M Company, namely, using 
Empore™ Ra Rad disks. The disks consist of 21- crown-7 ether (21CE7) substituents impregnated 
onto the surface of an inert polytetrafluoroethylene (PTFE) matrix (Figure 1.7 b). There have been 
a number of past uses of Empore™ Ra Rad disks (Seely and Osterheim, 1998; Ďurecová et al., 
1999). It has been reported that such disks are ideal for α-spectrometry measurements, as a drop of 
sample can be deposited onto the disk for quick counting analysis. Ďurecová (1997) was the first 
to report the successful use of the disk for radium analysis, and confirmed levels of up to 99 % 
chemical recovery of RaII with 0.2 M diammonium hydrogen citrate (DHC) as the acid diluent 
[Ďurecová, 1997]. Purkl and Eisenhauer (2003) have also successfully used Empore™ Ra Rad 
disks to rapidly (< 5 h preparation procedure) determine radium levels in environmental samples. 
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Samples were loaded in 2 M HNO3, at flow rates of 50 mL min
-1 with a reported chemical recovery 
of 92 ± 9% obtained (Purkl and Eisenhauer, 2003). 
 
Figure 1.7: The chemical structure of the chelating ligand present in the Sr-resin (a) 4, 
4’(5’)di(tert-butyl-cyclohexano) 18 crown ether 6 (DTBCH-18CE6) and in the 
Empore-Ra disk, (b) 21 crown ether 7 (21CE7) [Dietz et al., 1992; Ďurecová et 
al., 1999]. 
 
DTBCH-18CE6 21CE7
(a) (b)
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Table 1.5: Summary of commercially-available chemical separation techniques used for select target species plus their reported chemical 
recoveries (R). 
Technique  Chelating 
ligand 
Target species Acid diluent  Chemical recovery 
(R) / %  
Detection technique Reference 
UTEVA EC 
column 
 
 
IRA ® 910U 
DPPP 
 
 
 
B-DMHE- 
NR4+ 
U, Th, Np, Pu 0.01 M HCl  
2.5 M HNO3  
1 M HCl  
8 M HCl  
          n/a 
UVI: 85 - 100 
PuIII: 74-95 
UVI: 80-90 
ThIV: 85-95 
UVI: 90 
α-spectroscopy  
 
α-spectroscopy 
 
NAA 
[Lee et al., 2005]  
 
[Michel et al., 2008] 
 
[Ladeira and Gonalves, 
2007] 
MnO2-PAN 
Zr-MnO2-
PAN 
MnO2-D301 
MnO2  
Zr- MnO2  
MnO2  
Ra 
Sr 
Cd 
6.5 M HCl  
          n/a 
          n/a 
*Ba: 92-100 
SrII: 53 
CdII: 100 
α-spectroscopy  
ICP-OES. 
ICP-OES 
[Dulanská et al., 2015] 
[İnan and Altaş, 2011] 
[Zhu et al., 2007]  
Sr-EC 
Column  
DTBCH-
18CE6 
immersed in 1-
octanol 
Sr, Fe, Ra 4 M HCl  
 
0.1 M HCl 
 
0.5 M 
HClO4/3 M 
HNO3 
≠SrII: 75-85 
SrII: 60-75 
≠FeIII: 80-85 
FeIII: 70-80 
RaII: 99 
LSC 
 
 
 
α-spectroscopy 
[Grahek et al., 2013] 
 
 
 
[McAlister et al., 2011] 
Empore-Ra 
Rad Disks  
21CE7  Ra  0.2 M DHC  
2 M HNO3 
RaII: 99 
RaII: 92 ± 9 
RE 
γ-spectroscopy 
[Ďurecová, 1997]  
[Purkl and Eisenhauer, 
2003] 
where EC = extraction chromatography, DPP = dipentyl pentyl phosponate, B-DMHE- NR4+  = benzyl-dimethyl (2-hydroxyethyl) ammonium, 
PAN = polyacrylonitrile, DTBCH-18CE6 = 4, 4′(5′)-di(tert-butylcyclohexano) 18- crown-6 ether, 21CE7 = 21- crown-7 ether, DHC = diammonium hydrogen citrate, 
NAA = neutron activation analysis, ICP-OES = inductively coupled plasma-optical emission spectroscopy, LSC = liquid scintillation counting, RE = radon emanation. 
*Ba was used as a chemical tracer, ≠ model ICP-MS standards were used for this study. 
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1.4 Nanomaterials for Radionuclide Removal 
As discussed in section 1.2, numerous studies have highlighted the importance of developing rapid 
and effective treatment processes for aqueous nuclear waste produced in activities related to the 
nuclear fuel cycle and uranium mining [DEFRA, 2011; Davies et al., 2017; Fesenko et al., 2013]. 
Existing commercial methods (section 1.3), which are currently used to remove uranium from 
aqueous nuclear waste for sample preparation commonly involve ion-exchange chromatography, 
extraction chromatography or liquid-liquid extraction [Maiti et al., 1992; Kumar et al., 2011; 
Choppin and Morgenstern, 2000]. However, these processes are often time-consuming and exhibit 
low selectivity for target radionuclide species in the presence of competing ions [Katsoyiannis and 
Zouboulis, 2013; Rosenberg et al., 2016]. Moreover, some methods have been shown to display 
poor sorption capacities (typically > 10 mg g-1) for target long-lived radionuclides e.g. uranium 
[Surman et al., 2014]. Thus, alternative methods, which require minimal sample preparation, work 
across a wide pH range and are capable of selective removal of long-lived radionuclides from 
aqueous solution, are becoming the focus of many research groups [Yu et al., 2015]. 
One such method is sorption which has been widely used due to its ease of operation and minimal 
use of hazardous solvents [Saxena et al., 2006]. The following section aims to highlight and discuss 
existing functionalised-nanomaterial sorbent systems which have been reported in the literature as 
having exceedingly good sorption capabilities for long-lived radionuclides (see Table 1.4). To fully 
assess the performance of each system the following solution parameters: sorption (S, %) and the 
maximum sorption capacity (Qmax, mg g
-1) are evaluated, which are explained in further detail in 
Chapter 2 (see section 2.5.2). S relates to the amount of target species sorbed onto the material and 
can be calculated by using Equation 2.5. Furthermore, the parameter Qmax, is determined by 
applying the Langmuir or Freundlich isotherm models (Equations 2.7 – 2.8) [Dahiya et al., 2008].  
1.4.1 Nano metal oxides (NMOs) 
Nano metal oxides (NMOs) have been found to be suitable for the selective sorption of radionuclide 
species [Hua et al., 2012; Xu et al., 2012]. These are typically in the form of unmodified forms of 
magnetite (Fe3O4) or silica (SiO2) nanoparticles and have been increasingly used due to their low-
cost manufacture and high sorption efficiency [Das et al., 2010; Hua et al., 2012]. Previous research 
has shown that high uranium and caesium sorption can be attained with SiO2 nanoparticles with 
over 82% uranium and 40% caesium sorption reported, respectively [Mahmoud, 2018; Pathak and 
Choppin, 2006]. Additional work concerning the use of functionalised-SiO2 has been examined by 
Awual, who recently investigated the selectivity of crown ether-functionalised SiO2 sorbent 
materials for effluent waste present in Fukushima, Japan [Awual, 2016]. The material was prepared 
by immobilising dibenzo-30 crown ether 10 (DB-30CE10) structures onto the silanol groups 
present on the surface of SiO2. Overall, sorption studies revealed that the hybrid nanomaterial (DB-
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30CE10-f SiO2) had an increased degree of caesium removal with up to 75 % of Cs
I sorption (at 
pH 5) being reported, even in the presence of competing ions, such as, sodium and potassium. The 
sorption process was also reversible with the use of 0.25 M HCl resulting in 100 % elution of CsI 
from the material. Moreover, the Qmax observed for DB-30CE10-f SiO2 was reported to be 107.2 
mg g-1 for caesium, which was much higher than the Qmax (51.5 mg g
-1) observed for unmodified 
SiO2 nanoparticles.  
Recent work from Fan et al. (2012) has shown that a similar degree of selectivity can be attained 
with silica-coated Fe3O4 nanoparticles for the magnetic separation and removal of uranium isotopes 
[Fan et al., 2012]. Initially, the group prepared Fe3O4 nanoparticles via a co-precipitation reaction 
with FeCl3 and FeCl2.4H2O. The resulting unmodified Fe3O4 nanoparticles then underwent a 
silanisation functionalisation procedure with organosiliane, (3-aminopropyl) triethoxysilane 
(APTES), to form APTES-functionalised Fe3O4. Overall, it was determined that at pH 6 over 88 % 
of uranium could be recovered from aqueous solution. This demonstrates the benefit of utilising 
hybrid systems consisting of selective functional groups and a suitable support material (Fe3O4) for 
the removal of uranium. Further work performed by Helal et al. (2018) has revealed that modifying 
the surface of APTES-functionalised maghemite nanoparticles (Fe2O3) with succinyl-β-
cyclodextrin (S-β-CD) functional groups (see Figure 1.8) resulted in over 98% uranium sorption at 
pH 6 with a Qmax of 286 mg g
-1 and a sorption capacity (Qe) of 25 mg g
-1 achieved under acidic 
conditions [Helal et al., 2018].  
 
Figure 1.8: Full structure of succinyl-β-cyclodextrin (S-β-CD) ligand attached to the surface 
of (3-aminopropyl) triethoxysilane (APTES)-functionalised maghemite (Fe2O3) 
nanoparticles. Figure reprinted with permission from [Helal et al., 2018]. 
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1.4.2 Carbon nanomaterials  
In addition to the aforementioned NMO systems, carbon nanomaterials have been shown to be 
suitable for the selective removal of radionuclides. Several publications have focused on using 
oxidised forms of multi-walled carbon nanotubes (acid-treated MWCNTs) and graphene (graphene 
oxide, GO) [Sun et al., 2012; Tour et al., 2012; Romanchuk et al., 2013]. However, as the focus of 
this project is on the use of hybrid sorbent materials, only systems that have an appropriate chelating 
ligand attached to acid-treated MWCNTs or GO are regarded for this literature review.  
Deb et al. (2013) reported the successful chemical covalent functionalisation of diamide chelating 
ligands onto the surface of acid-treated MWCNTs [Deb et al., 2013]. The selected chelating ligand, 
diglycolamide (DGA), has previously been shown to be effective for the removal of actinide 
species present in aqueous nuclear waste via solvent extraction [Ansari etal., 2011]. As such, Deb 
et al. (2013) selected this functionalised material (see Figure 1.9) for the sorption of thorium, a 
naturally-occurring long-lived radionuclide. Sorption studies completed by the group demonstrated 
that up to 20 % of Th(IV) could be sorbed at pH 2, with over 96% sorbed when the solution pH was 
increased to pH 4. Furthermore, it was determined that the sorption capacity of the material for 
thorium species present in aqueous solution was 9.3 mg g- 1. 
 
Figure 1.9: Schematic depicting the structure of the diglycolamide (DGA)-functionalised 
COOH-f MWCNTs used for the sorption of Th species. Figure adapted from 
[Deb et al., 2013]. 
Amidoxime (AO)-functionalised MWCNTs were synthesised for the first time by Wu et al. (2018) 
who demonstrated their effectiveness in removing uranium species from aqueous solution [Wu et 
al., 2018]. The surface functionalities present on amidoxime consist of an amine group (NH2) and 
an oxime group (C=NOH) which have a lone pair of electrons capable of co-coordinating to 
hydrolysed species of uranium (UO2 (OH)
 +) at acidic pH. The resulting Qmax for uranium was 
determined to be 67.9 mg g-1, much higher than that of acid-treated MWCNTs (27.6 mg g-1).  
It has been previously highlighted that the presence of surface functional groups on GO, such as, 
carboxyls and hydroxyls, enable the sorption of uranyl species (UO2
2+) through surface 
complexation [Wu et al., 2014]. This has been demonstrated by Liu et al., who reported the use of 
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GO for uranium removal and determined the Qmax to be 122.4 mg g
-1 at pH 4 [Liu et al., 2016]. In 
addition, the efficiency of graphene oxide (GO) sorbent materials for the removal of uranium 
species has been found to be improved by the addition of larger chelating ligands onto the surface 
of GO. For instance, Zhao et al. (2015) reported coating the chelating polymer, polydopamine 
(PDA), onto the surface of GO [Zhao et al., 2015]. This was achieved via self-polymerisation to 
form PDA-f GO, a novel hybrid sorbent material (see Figure 1.10) [Zhao et al., 2015]. The research 
group reported the removal of up to 100 % of UVI after 2 hours of contact time and a Qmax of 145.4 
mg g- 1 at pH 4. The author attributed this particular observation of rapid sorption of uranium to the 
synergistic relationship between the high nanomaterial surface area (76.4 m2 g−1) and the abundance 
of hydroxyl surface functional groups present in PDA, which were capable of binding to uranyl 
species.  
 
Figure 1.10: Schematic representing the functionalisation route followed to make 
polydopamine functionalised (PDA-f GO). Figure reprinted with permission 
from [Zhao et al., 2015]. 
The performance of the hybrid sorbent material was found to be highly dependent on solution pH. 
This was confirmed by completing zeta potential measurements to determine the surface charge of 
the material, which was determined to be negative between pH 2 - 7. Thus, the optimal solution pH 
for the selective sorption of uranium was found to be at acidic pH levels whereby the predominantly 
positively charged species (UO2
+) are suitable to bind to the negatively charged PDA-f GO surface. 
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Table 1.6: Summary of existing functionalised nanomaterial sorbent materials for the select removal of target species plus their reported sorption (S) 
and maximum sorption capacity (Qmax, mg g
-1). 
Nanomaterial  Chelating ligand  Target 
species  
Contact time / min S / % (pH) 
     
Qmax / mg g-1 Detection 
technique 
Reference 
SiO2         - U  120  82 (pH 4) 55.9  UV-Vis [Mahmoud, 2018]  
SiO2       - Cs 250 40 (pH 8)       - LSC [Pathak and Choppin, 
2006] 
SiO2 DB-30CE10  Cs  30  75 (pH 5 - 6)  107.2  FAAS [Awual, 2016]  
Fe3O4       - U   5 LSC [Das et al., 2010] 
Fe3O4 APTES U 190 88 (pH 6) 52 UV-Vis [Fan et al., 2012] 
Fe2O3 S-β-CD U 150 98 (pH 6) 286 ICP-MS [Helal et al., 2018] 
Acid-treated 
MWCNTs  
COOH U  120 70 (pH >5)   27.6  KPA [Sun et al., 2012]  
GO       -  U 240       -  (pH 5)   122.4 UV-Vis [Liu et al., 2016]  
MWCNTS DGA Th 120 96% (pH 4) 9.26 UV-Vis [Deb et al., 2013] 
MWCNTs AO U 60       - (pH 5) 67.9 UV-Vis [Wu et al., 2018] 
GO  PDA  U  120 100 (pH 4)   145.4  KPA [Zhao et al., 2015]  
where SiO2 = silica, DB-30CE10 – dibenzo-30 crown ether 10, Fe3O4 = magnetite, APTES = (3-aminopropyl) triethoxysilane, S-β-CD  = succinyl-β-cyclodextrin, 
COOH = carboxyl, digycolamide (DGA), AO = amidoxime, PDA = polydopamine, UV-Vis = UV-Visible spectrophotometry, LSC = liquid scintillation counting, FAAS = flame 
atomic absorption spectrometry, inductively coupled plasma-optical emission spectrometry (ICP-OES), KPA = kinetic phosphorescence analyser. 
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1.5 Aim and Objectives of this Thesis 
The majority of the literature relating to the separation and removal of radionuclides exclusively 
report on the use of a combination of sample preparation techniques e.g. ion-exchange 
chromatography followed by extraction chromatography (section 1.3). As such, there is a need for 
research into the development of a singular sample preparation technique capable of both rapid and 
efficient removal of long-lived radionuclides, chiefly actinide species. Current literature indicates 
that sorbent materials are ideal for such applications [Hua et al., 2012; Tour et al., 2012]. As a 
result, the overall aim of this thesis was to explore the potential use of hybrid sorbent materials 
consisting of selective functional groups and a carbon-based nanomaterial, for the selective 
sorption of uranium species present in aqueous solution. To achieve this aim, the following 
objectives were set: 
 review the current status of techniques available for the treatment of aqueous nuclear waste 
samples (Chapter 1); 
 synthesise functionalised multi-walled carbon nanotube (MWCNTs) sorbent materials by 
applying chemical functionalisation treatments to pristine MWCNTs. Each prepared 
material will then be analysed using a series of structural and surface characterisation 
techniques: field emission-scanning electron microscopy (FE-SEM), statistical Raman 
mapping, X-ray photoelectron spectroscopy (XPS), surface charge and thermogravimetric 
analysis (TGA); 
 evaluate the uranium sorption performance (i.e. sorption (%) and Kd (mL g
-1)) for each 
functionalised MWCNTs sorbent material via inductively coupled plasma mass 
spectrometry (ICP-MS) by investigating the effect of: solution pH, contact time and 
competing ions. Finally, the maximum sorption capacity (Qmax) of the best-performing 
MWCNTs material will be determined; 
 synthesise graphene oxide (GO) and carboxyl-functionalised COOH-f GO via the modified 
Hummer’s method and chloroacetic acid/NaOH treatment, respectively. The following 
chelating ligands, which are known to complex favourable to uranyl species: 
ethylenediamine (EDA), o-phenylenediamine (o-PDA) and 4’ amino dibenzo-18 crown 
ether 6 (NH2 DB18CE6) are to be attached to the surface of COOH-f GO to produce amide-
functionalised (CONH-f) GO sorbent materials; 
 evaluate and compare each functionalised-GO sorbent material for changes in the structural 
and surface properties via material characterisation techniques; 
 evaluate the uranium sorption performance (i.e. sorption (%) and Kd) (mL g
-1)) of each 
functionalised-GO sorbent material via inductively coupled plasma mass spectrometry 
(ICP-MS) by investigating the effect of solution pH, contact time and competing ions. 
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Finally, the maximum sorption capacity (Qmax) will be determined with the best performing 
material tested using an aqueous nuclear waste sample from Sellafield, Cumbria; and to 
 synthesise and evaluate the suitability of a magnetic graphene oxide nanocomposite (Fe3O4-
f GO) for the separation and removal of trace-level uranium species. For this purpose, 
environmental samples were collected from the Laguna Sirven Deposit, Santa Cruz, 
Argentina, which is a region of interest for uranium mining.  
The following chapters of this thesis are presented as follows. Chapter 1 provides a detailed review 
of the literature relevant to this research project. Chapter 2 outlines the main principles and 
operating conditions of each analytical technique selected for both material characterisation and 
elemental analysis. The suitability of functionalised MWCNTs sorbent materials for uranium 
sorption are discussed and assessed in Chapter 3. The uses of functionalised-GO sorbent materials 
are discussed in Chapter 4, following the same analytical protocol applied to MWCNTs. The 
application of a graphene oxide nanocomposite, designed for the magnetic removal of uranium 
species, is discussed in Chapter 5. Finally, Chapter 6 delivers the key conclusions realised in this 
research project with recommendations for suggested future work. 
 
  
Chapter Two 
Analytical Methodology
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2.0 Introduction 
This chapter summarises the analytical methodologies followed to address the research problem 
discussed in Chapter 1. Figure 2.1 highlights the initial stage of the work involving the use of a 
series of characterisation procedures, namely, structural, surface and thermal analysis (sections 2.1, 
2.2 and 2.3) on the prepared functionalised materials (sections 3.1, 4.1 and 5.1 for synthesis 
procedure). Next, the primary detection technique used in this work for element analysis, namely, 
inductively coupled plasma mass spectrometry (ICP-MS), is discussed in section 2.4. Finally, the 
batch sorption procedure used to determine the uranium removal capabilities of each synthesised 
material is discussed in section 2.5, whereby the effect of solution pH, contact time, competing ions 
and uranium concentration are presented.  
 
Figure 2.1: General overview of the analytical methodology followed for this research 
project.  
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2.1 Structural Analysis 
The addition of new functional groups during covalent chemical functionalisation are known to 
alter the structural properties of bulk carbon nanomaterials [Iijima, 2010]. Hence, to quantitatively 
study the functional groups introduced to the surface, field emission-scanning electron microscopy 
(SEM), Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy were employed 
to characterise the change in both the bulk and micro-scale properties of the materials synthesised 
for this work. This section of the report aims to outline the main principles behind each technique. 
2.1.1 Field emission-scanning electron microscopy (FE-SEM) 
Field emission-scanning electron microscopy (FE-SEM) was used to ascertain the morphology of 
the nanomaterial surface. It works based on the principle that the use of an electron gun, typically 
a field emission gun (FEG), will provide a focused high-energy (1 - 40 keV) electron beam onto 
the surface of the sample. This leads to the generation of low-energy (< 45 eV) secondary electrons 
(SE) and wide-energy (>50 eV) back scattered electrons (BSE), which are used to image the sample 
surface [Goldstein et al., 2017]. SE are ejected from near the surface of the sample via inelastic 
interactions of the incident electron beam with the sample, which enables for the surface 
morphology to be studied (see Figure 2.2) [Wuhrer and Moran, 2016]. In contrast, BSE are ejected 
from deeper regions within the sample via elastic interactions of the incident electron beam with 
the atomic nuclei of the sample, which enables for sample phase differences to be imaged 
[Goldstein et al., 2017].  
All SEM images obtained in this work were acquired on a Zeiss Supra 35V field emission scanning 
electron microscope (Zeiss, Cambridge, UK) with an accelerating voltage of 10 kV and working 
distance of 6 mm, unless otherwise stated. Additionally, all samples were coated with 15 nm of Au, 
using a Quorum Q150TS sputter coater (Quorum Technologies Ltd, West Sussex, UK), set at 1.5 
kV, 20 mA and operated under 2 × 10−1 mbar argon pressure. Samples were prepared for imaging 
by using a 300 nm SiO2 coated silicon (SiO2/Si) wafer purchased from Sigma Aldrich (Poole, UK), 
which were cut into 1 cm x 1 cm disks. The disks were cleaned with a piranha solution (H2SO4 (98 
%):H2O2 (30 %), 3:1) for 10 min. This was followed by the disks being washed thoroughly with 
double deionised water (DDW), 18.2 M.Ω.cm, to remove excess piranha agents and were dried 
under N2 gas. Finally, a 1 mg mL
-1 sample solution was drop-cast onto a clean 1 cm x 1 cm SiO2/Si 
disk, left to dry and then imaged.  
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Figure 2.2: The main components of a typical field emission-scanning electron microscope 
(FE-SEM) instrument: electron gun, lens, detectors, amplifier and display 
source. Inset is a FE-SEM image of graphene oxide (GO) sheets, which was 
collected for this research. The schematic is adapted from Goldstein et al. 
(2017). 
2.1.2 Fourier transform infrared spectroscopy (FTIR)  
Most organic molecules can absorb a range of vibrational infrared (IR) frequencies located within 
the electromagnetic spectrum at wavenumbers (𝑣) of 4000 to 400 cm- 1 [Pavia et al., 2009]. As a 
result, by probing a sample across the IR range and measuring the frequencies the sample absorbs, 
important information regarding the molecular structure of the sample can be revealed. The IR 
absorption process that the molecules undergo are governed by two factors, namely, (i) the presence 
of a dipole moment in the bonds of the organic molecule being analysed; and (ii) the existence of 
a corresponding absorption energy [Stuart, 2004]. Currently, Fourier transform infrared 
spectrometers are most commonly used for sample analysis. The technique involves applying a 
Fourier transform to the data with the use of an interferometer and converting the collected data 
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from the time domain i.e. beam intensity as a function of time to the frequency domain i.e. beam 
intensity as a function of frequency. This mode of data collection differs to the mode employed by 
traditional IR spectrometers as it requires fewer optical components leading to improved signal-to-
noise ratios being observed [Griffiths and De Haseth, 2007].  
Fourier transform infrared spectra (FTIR) of samples were acquired using a Cary 670 FTIR 
spectrometer (Agilent Technologies, Cheshire, UK) with an attenuated total reflectance (ATR) 
sample accessory. In total, 64 spectral scans were collected for each analysed sample and the data 
was plotted using Origin Pro 2016 (OriginLab, Northampton, MA, USA).  
2.1.3 Raman spectroscopy 
Raman spectroscopy is a routinely used technique for the characterisation of carbon-based 
materials [Colthup, 2012]. Typically, analysis is achieved by focusing a monochromatic beam of 
light with a fixed frequency (v) onto the sample surface. The electron present in the sample can 
then be excited from the ground vibrational level (vo) to a higher excited state (see Figures 2.3 a - c). 
Following excitation, three different scattering mechanisms can be observed for the sample, firstly 
(a) the elastically scattered electron can drop back down to the ground vibrational level with a 
photon of the same corresponding energy as the incident photon emitted. This particular Raman 
scattering mode is referred to as Rayleigh scattering [Kneipp et al., 1999]. However, this transition 
is filtered out due to no energy difference being observed after electron excitation [Ni et al., 2008].  
Next, the electron can undergo two other possible modes of inelastic scattering. The first (b) 
involves the electron returning to a higher energy excitation level (v1) than the ground state 
resulting in a lower energy photon than the incident photon being emitted (Raman Stokes 
scattering). The next mode (c) involves the electron returning to a lower energy level than at the 
start and emitting in turn a higher energy photon than the incident photon (Raman anti-Stokes 
scattering). Overall, the transition observed in Raman Stokes scattering is much stronger than that 
observed for Raman anti-Stokes scattering. Therefore, Raman spectroscopy typically detects 
photons emitted from Raman Stokes scattering to determine the sample structure [Souza Filho et 
al., 2004]. 
Raman spectroscopy enables the following characterisation parameters: the relative peak position 
and the corresponding full width at half maximum (FWHM) of the main Raman bands to be 
identified. For instance, when the Raman spectrum collected for graphite is studied (see Figure 
2.3 d and Table 2.1), it gives rise to five characteristic Raman bands [Reich and Thomsen, 2004, 
Ferrari et al., 2006]. These correspond to D, G, D+D, 2D (2D1 and 2D2) bands, which were 
observed at 1350 ± 1 cm-1, 1580 ± 2 cm-1, 2450 ± 2 cm-1, 2678 ± 3 cm-1 and 2718 ± 2 cm-1, 
respectively. The two most prominent features were the G band, which is associated with in-plane 
Chapter 2: Analytical Methodology 
27 
sp2 bond stretching and the 2D band. The latter is believed to be a D-band overtone, which 
according to the literature can be peak-fitted into two components, a broad peak labelled as 2D1 
and a sharp peak labelled as 2D2 [Ferrari and Basko, 2013; Sole et al., 2014; Ferrari et al., 2006; 
Bokobza et al., 2014; Kawashima and Karagiri, 1995].  
In general, only two of the Raman active bands identified in the spectra were studied in further 
detail. These are the relative intensity between the D and G Raman bands (ID/IG), which was used 
in this work to monitor the effect of introducing surface functional groups [Englert et al., 2013]. 
The experimental methodology applied to determine the ID/IG ratio can be found in section 2.1.3.1. 
 
Figure 2.3: Energy diagram depicting of (a) Rayleigh, (b) Raman Stokes and (c) Raman anti-
Stokes scattering modes where vn refers to the vibrational energy level. Averaged 
Raman spectrum (d) collected for graphite measured at λexc = 532 nm with the D, 
G, D+D, 2D1 and 2D2 peaks highlighted. The collected spectrum was plotted as 
the average of three independent measurements.  
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Table 2.1: Summary of Lorentzian peak parameters attained for graphite. Values are 
expressed as mean ± SD (n = 3). 
Sample Peak Label Peak Position / cm-1 FWHM / cm-1 
 
 
Graphite 
D 1350 ± 1 40 ± 2 
G 1580 ± 2 15 ± 1 
D+D 2450 ± 2 26 ± 1 
2D1 2678 ± 3 44 ± 1 
2D2 2718 ± 2 35 ± 1 
All Raman spectra for this work were obtained on a Renishaw InVia micro Microscope (Renishaw, 
Gloucestershire, UK) with the operating conditions used listed in Table 2.2. The instrumental set-
up involved a Raman microscope fitted with a cooled charged coupled detector (CCD) along with 
filters and gratings tailored for each laser wavelength. Substrates were prepared for Raman analysis 
by drop-casting 50 μL of a 200 μg mL-1 sample dispersion onto a clean 1 cm2 × 1 cm2 (SiO2/Si) 
disk, as described in section 2.1.1. 
Table 2.2: Optimised operating conditions of the Renishaw InVia Reflex Raman 
spectrometer used for this work. 
Raman analysis was completed by taking an average of three sample spot scans at 10% laser power 
with a 10 s accumulation from 900 - 3200 cm-1. All of the collected Raman spectroscopy data was 
processed and plotted using Renishaw’s Windows-based Raman Environment (WiRe 4.1) software 
and Origin Pro 2016 (OriginLab, Northampton, MA, USA), respectively. The WiRe 4.1 software 
was used for baseline correction and Lorentzian peak-fitting of the D, G, D+D/G, 2D band.  
2.1.3.1 Statistical Raman mapping 
The combined use of Raman spectroscopy and spatial mapping enables for a study of the surface 
homogeneity of the sample [Tang et al., 2010]. This therefore makes statistical Raman mapping an 
ideal characterisation tool for quality assurance checks. For this work, statistical Raman mapping 
studies were obtained by completing a static scan from 1200 – 2000 cm-1 on a 30 μm x 30 μm 
sample region (n = 676). Moreover, from the compiled spatial map and the resulting histogram, the 
ID/IG ratio was determined for each sample.  
Laser parameters (units) 
 
Operating Conditions 
Wavelength (nm) 532 
Power (mW) 50 
Spot size (μm) 1.2 
Grating/lines (mm-1) 2400 
Chapter 2: Analytical Methodology 
29 
2.2 Surface Analysis 
In addition to structural analysis, surface analysis was completed for each functionalised material 
through the use of characterisation techniques, such as, X-ray photoelectron spectroscopy (XPS) 
analysis, UV-visible (UV-Vis) spectrophotometric analysis and thermogravimetric analysis 
(TGA). The combined use of these techniques enabled the total abundance of each surface 
functional group to be determined. Moreover, zeta (ζ) potential measurements were completed to 
allow for the surface charge of the material to be ascertained.  
2.2.1 X-ray photoelectron spectroscopy (XPS)  
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive (<10 nm) analytical technique, 
which was used in this study to determine the elemental surface composition of the functionalised 
nanomaterials. The technique works on the principle that irradiating a sample with a beam of high-
energy X-rays, i.e. aluminium (Al), leads to photoemission from the core level of surface atoms 
into the vacuum level (see Figure 2.4) [Attard and Barnes, 1998].  
 
Figure 2.4: Schematic showcasing the photoemission process i.e. the emission of an electron 
following the excitation of core level electron by an incident photon beam. Note 
Figure reprinted with permission from El-Desawy (2007). 
Each ejected core level electron from their respective electronic states (e.g. C 1s, O 1s, N 1s, Fe2p 
and Si2p) has a characteristic kinetic energy (Ekin) detected by the instrument, which can then be 
converted to a characteristic binding energy (Ebin) by using Equation 2.1: 
Ekin = hv – Ebin + 𝜑 
Equation 2.1: Kinetic energy (Ekin, eV) 
where hv is the fixed photon energy (eV), Ebin is the binding energy of the electron in a solid (eV) 
and 𝜑 is the work function of the instrument, which is typically 4 - 6 eV. Thus, the characteristic 
Chapter 2: Analytical Methodology 
30 
binding energy of C 1s, O 1s, N 1s, Fe2p and Si2p can be determined to be 284 eV, 532 eV, 399 
eV, 710 eV and 99 eV, respectively. 
Next, the atomic composition (A) of each analysed sample can be determined by using equation 
2.2: 
A = 
𝐼𝑥
𝑆𝑥
∑
𝐼𝑖
𝑆𝑖
𝑖
 ×100 
Equation 2.2: Atomic composition (A, %) 
where Ix refers to the relative peak area of an element (x) being analysed, Sx refers to the relative 
sensitivity factor (RSF) of an element (x) based on Scofield cross-sections, as listed in Table 2.3 
[Moulder and Chastain, 1995]. Finally, ∑
𝐼𝑖
𝑆𝑖𝑖
 refers to the sum of the ratio between the peak area 
and sensitivity factor for all of the elements analysed. 
Table 2.3: Relative sensitivity factor (RSF) reported for each of the elements studied in this 
work [Moulder and Chastain, 1995]. 
All XPS measurements were acquired on a Thermo Fischer Scientific Instruments K-Alpha+ 
spectrometer (East Grinstead, UK). XPS spectra were obtained with a high power monochromatic 
Al X-ray source (hυ = 1486.6 eV) operated at 300W with an X-ray spot size of radius ~ 400 µm 
applied. The analytical conditions included a pass energy of 200 eV and a step size of 0.4 eV were 
employed to obtain all survey spectra. High resolution spectra were obtained by using a pass energy 
of 20 eV and a step size of 0.2 eV with 5 scans collected in total for each sample. Samples were 
prepared for analysis by dispersing 0.005g of each sample in methanol and depositing a drop onto 
a Si/SiO2 substrate and drying under vacuum at 40
oC.  
In addition to the elemental composition, XPS can also be used to identify different chemical 
functional groups present in the functionalised sample to elucidate information regarding the 
chemical structure. This can be accomplished by applying high-resolution scans to the sample and 
completing thereafter peak-fitting calculations on the primary C1s, O1s, N1s, Si2p and Fe2p XPS 
regions identified for samples. For spectral interpretation, the manufacturers’ software package, 
Element (core shell) Energy / eV RSF 
C (1s) 284 1.00 
O (1s) 532 2.93 
N (1s) 399 1.80 
Fe (2s) 846 4.57 
Fe (2p) 710 10.82 
Si (2p) 99 0.82 
Chapter 2: Analytical Methodology 
31 
Avantage©, was used to deconvolute the spectra peaks. Initially, all spectra were charge corrected 
by calibrating spectra to adventitious carbon C1s (284.6 eV). High-resolution C1s, O1s, N1s, Si2p 
and Fe2p XPS spectra were analysed after a baseline correction, which involved removing the 
Shirley background. This was then followed by all of the identified peaks being peak- fitted using 
(70%:30%) Gaussian–Lorentzian line shapes (GL, 30) [Van Khai et al., 2012; Rodrigues et al., 
2018]. 
2.2.2 UV-Visible spectrophotometric analysis 
A methylene blue (MB) colourimetric assay was performed to quantitatively determine the 
carboxyl content of graphite, GO and COOH-f GO, which is discussed further in Chapter 4, section 
4.3.2.2. The assay works on the principle that samples containing COOH groups (see Figure 2.5) 
are capable of absorbing methylene blue in solution to form a complex [Imani et al., 2015]. This 
results in a colour change, which can be monitored by UV-Visible spectrophotometry (UV-Vis). 
As a result, the total amount of COOH groups (μmol mg-1) present in each sample was determined 
by measuring the absorbance value of the sample, after the addition of MB, and comparing that to 
the absorbance value obtained for the reagent blank (2 μg mL-1). Initially, a standard calibration 
curve of aqueous MB solutions (0.2 - 5 μg mL-1) was prepared and obtained at 664 nm in 0.1 M 
sodium bicarbonate (NaHCO3, 99%) buffer at pH 8. Next, for a typical MB assay, 2 μg mL
-1 of 
aqueous MB solution was added to 0.005 g of graphite, GO and COOH-GO, respectively, and 
incubated for 15 min. After centrifugation for 5 min at 4,500 rpm, 1 mL of the supernatant was 
collected and then analysed via UV-Vis (Biochrom Libra S60, Cambridge, UK) with the 
absorbance acquired at 664 nm using a quartz cuvette cell with a 1 cm path length. 
 
Figure 2.5: Typical reaction: (a) observed between methylene blue (MB) and carboxyl 
groups yielding a colourless complex [Imani et al., 2015]; (b) combined 
absorbance spectra of MB solutions with increasing concentrations (0.2 – 5.0 
μg mL- 1); and (c) the calibration curve obtained from the absorbance spectra 
collected for MB at λmax = 664 nm. 
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2.2.3 Surface charge measurements  
Surface charge density is an important experimental parameter for determining the colloidal 
stability of nanoparticle dispersions. It is typically expressed in terms of the zeta (ζ) potential 
[Kaszuba et al., 2010]. As Figure 2.6 illustrates, when a negatively charged colloidal nanoparticle 
is dispersed in a bulk aqueous medium, counter-ions of opposite charge are attracted to the surface 
of the particle. This results in the formation of an electrical double layer, which surrounds the 
colloidal nanoparticle. The inner region, i.e. the Stern layer is formed of strongly adsorbed counter-
ions. The outer region, the Guoy (diffuse) layer, is formed whereby an increasingly even surface 
charge distribution is observed in relation to the negatively charged surface [Brown et al., 2015]. 
It is within this outer region, that a stationary layer of ions neighbouring the surface of the colloidal 
nanoparticle (slipping plane) are formed, which behave as though they are attached to the 
nanoparticle surface. Hence, the ζ-potential is most commonly defined in the literature as the 
potential difference between the slipping plane and the surrounding solvent molecules present in 
the bulk aqueous medium [Gumustas et al., 2017]. Samples which exhibit high ζ potential values 
(either positive or negative) of 30 mV indicates good stability against aggregation. This is mainly 
due to the colloidal stabilisation afforded to them by the strong electronic repulsion between the 
nanoparticles [Jiang et al., 2009].  
 
Figure 2.6: Schematic showing the Stern-Gouy model illustrating the formation of an 
electric double layer around a charged colloidal particle. Figure reprinted with 
permission from [Gumustas et al., 2017]. 
In general, the ζ-potential of a sample is measured by electrophoretic light scattering (ELS). This 
technique is based on laser Doppler electrophoresis, which is used to measure the movement i.e. 
the electrophoretic mobility (μe) of charged nanoparticles dispersed in a bulk aqueous medium e.g. 
methanol [Kaszuba et al., 2010; Sikora et al., 2015]. Initially, a laser beam is passed through the 
sample in the presence of an electric field. This leads to the migration of the charged nanoparticles 
towards the oppositely charged electrode located within the sample capillary cell. As a result, the 
μe is determined by measuring the changes observed in the scattered laser beam to that of the 
electric field [Bhattacharjee, 2016]. Moreover, the measured μe is converted to ζ-potential by using 
Henry’s equation (see Equation 2.3): 
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μe =  
2𝜀𝜁𝐹(𝑘𝛼)
3𝜂
 
Equation 2.3: Henry’s equation (μe) 
where ε and η are the dielectric constant and the absolute zero-shear viscosity of the aqueous 
medium, respectively. F (kα) refers to the Henry function, whereby k is the Debye parameter and 
α refers to the radius of spherical nanomaterial [Varenne et al., 2015]. However, it is important to 
note due to the non-spherical nature of the nanoparticles studied for this work, that the μe obtained 
are only estimated values.  
Surface charge (ζ-potential) measurements were performed using a Malvern Zetasizer Nano ZS 
instrument (Malvern Instruments Ltd., Worcestershire, UK) and a 4 mV He–Ne laser emitting at 
633 nm [Sikora et al., 2015; Sikora et al., 2016; [Misra et al., 2011]. This instrument was also 
equipped with a Malvern MPT-2 titration device (Malvern Instruments Ltd., Worcestershire, UK) 
to enable for automated pH adjustment from pH 2 – 12, by titrating 0.01 M HCl and 0.01 M NaOH 
solutions. The pH probe (EDT direct-ion, Dover, UK) of the titration device was calibrated by 
completing a three-point pH calibration with certified pH buffer solutions of pH 4.00 ± 0.01), 7.01 
± 0.01 and 10.01 ± 0.01. This was followed by the titration instrument being cleaned with double 
deionised water (DDW), 18.2 M.Ω.cm, and primed with 0.01 M HCl and 0.01 M NaOH solutions. 
For this research, the ζ-potential of a sample dispersion of pristine MWCNTs and functionalised 
MWCNTs (at pH 4) were studied with the results discussed in Chapter 3 (section 3.2.2.4). 
Moreover, the ζ-potential of GO, carboxyl-functionalised (COOH- f) GO and ethylenediamine-
functionalised (EDA-f) GO as a function of variable solution pH were studied with the 
experimental data attained discussed in Chapter 4 (section 4.2.2.4) and shown in Figure 4.20 b. 
Disposable polycarbonate capillary cells with gold plated beryllium-copper electrodes (DTS1070, 
Malvern Instruments Ltd., Worcestershire, UK) were used to perform surface charge 
measurements. The capillary cells were pre-rinsed with analytical grade isopropanol (99.5 %) 
purchased from Sigma Aldrich and DDW. Before analysis, the pH probe was immersed in 10 mL 
of the selected sample and was continuously stirred. Next, the measurement capillary cell was 
automatically filled with the sample and ζ-potential measurements were performed with an 
equilibration time of 120 s and three sample runs were collected.  
2.3 Thermal Analysis 
Thermogravimetric analysis (TGA) is an analytical technique which enables the determination of 
the quantity of organic functional groups grafted onto the material surface [Gabbott, 2008]. This is 
accomplished by monitoring the change in mass of the sample as a function of temperature. In this 
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work, thermal analysis was carried out on a TGA Q500 (TA Instruments, Delaware, USA). For a 
typical TGA measurement, samples were placed into platinum crucibles (1 – 2 mg) and heated 
from 23°C to 120°C at a heating rate of 20°C min-1 and held for 30 min to remove any residual 
water or solvent present in the sample. Next, the temperature was ramped from 120°C to 800oC at 
a heating rate of 10°C min-1 with N2 gas (60 mL min
-1) used as the purge gas for the analysis of 
samples. 
2.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
The principal technique for elemental analysis is inductively coupled plasma mass spectrometry 
(ICP-MS). This is due to its extremely high sensitivity (with detection levels typically of ~1 ng L-
1 (parts per trillion or ppt)) routinely achieved by the instrument for the multi-element analysis of 
aqueous environmental sample matrices. Hence, this technique was selected for this work to study 
the uranium and multi-element removal capabilities of functionalised MWCNTs (Chapter 3), 
functionalised graphene oxide (GO) (Chapter 4) and the magnetic graphene oxide nanocomposite 
(Fe3O4-f GO) (Chapter 5). This section of the thesis outlines the main principles behind the 
technique (section 2.4.1), along with the ICP-MS operating conditions used (section 2.4.2) and the 
elemental limits of detection (LOD) achieved (section 2.4.2.1). 
2.4.1 Principles of ICP-MS 
The main components of the ICP-MS instrument used for this research are highlighted in Figure 
2.7. Typically, the front end of the instrument consists of an aqueous sample introduction system 
and an inductively coupled plasma (ICP) torch (section 2.4.1.1). This is then connected to a 
mass spectrometer interface, which consists of a series of cones leading to the ion-focusing optic 
unit. Next, comes a collision/reaction cell (in the case of the Agilent 8800, a 3rd generation 
Octopole Reaction System (ORS3) (Agilent Technologies, Cheshire, UK), which enables for 
the removal of spectral interferences using collision or reactive gases. This is then followed by 
a quadrupole mass analyser for the separation of analyte ions according to their mass-to-charge 
ratio (m/z) (section 2.4.1.2). Finally, a mass ion detector, typically a secondary electron 
multiplier (SEM), is located at the end of the instrument to amplify the signal and produce an 
output, typically in counts per second [Thomas, 2013]. 
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Figure 2.7: Basic overview of inductively coupled plasma mass spectrometry (ICP-MS), 
used for the analysis of all aqueous samples in this research study. Figure 
adapted and reprinted with permission from [Thomas, 2013]. 
2.4.1.1 Sample introduction and ICP interface 
The sample introduction system (see Figure 2.8 (a)) initially generates an aerosol via nebulisation 
of the aqueous sample with argon carrier gas. A peristaltic pump is used to ensure that the sample 
is introduced at a constant flow rate of ~0.1 – 1 mL min-1 into a concentric nebuliser. Next, the 
generated aerosol sample is passed through a Peltier-cooled double-pass spray chamber to enable 
small aerosol droplets to enter the inductively coupled plasma (ICP) torch. The larger droplets are 
then removed by gravity into the waste drainage (Thomas, 2013).  
Once the aerosol reaches the torch (see Figure 2.8 (b)), the chemical compounds present in the 
sample aerosol are converted into their atomic constituents via evaporation, atomisation and 
ionisation steps within the inductively coupled plasma (ICP) [Ammann, 2007]. The ICP is 
generated by initiating a spark from a Tesla coil which seeds the argon carrier gas (~15 mL min-1) 
with electrons, which are accelerated by an oscillating electromagnetic field formed by a 
radiofrequency (RF) coil. The plasma is then sustained via an equilibrium between the argon gas 
and electrons colliding to form positively charged argon ions, which in turn recombine with 
electrons to form argon atoms, resulting in a high temperature plasma (6000 – 8000 K) [Lehto and 
Hou, 2012].  
 
Figure 2.8: Schematic of the set-up of (a) the sample introduction system; (b) inductively 
coupled plasma torch components in ICP-MS. Figure adapted and reprinted 
with permission from [Thomas, 2013].  
(a) (b)
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2.4.1.2 Mass spectrometry interface 
The positively charged sample ions are formed in the torch under atmospheric pressure and as such, 
need to be directed from the front end of the instrument to the mass spectrometer interface for 
separation and detection. As the mass spectrometer operates under a vacuum pressure of ~ 1×10-6 
torr, the beam must be focused through the instrument as it expands. A series of cones are used to 
ensure that a constant pressure is retained with the aid of a mechanical pump, and to focus the 
central part of the ion beam. Initially, this involves passing the sample through a sampling cone 
(diameter of 0.8 -1.2 mm) and skimmer cone (diameter of 0.4 – 0.8 mm). This is then followed by 
the sample passing through an ion-focussing unit i.e. ion-electrostatically-controlled lenses to 
reduce background noise contributions and to enhance the signal-to-noise ratio for sample ions 
[Thomas, 2013].  
In addition to the ion lenses, a collision/reaction cell is used to remove the polyatomic spectral 
interferences formed from ions present in the argon plasma or in the instrument e.g. high nickel 
background from the cones. As such, the main purpose of the collision/reaction cell is to remove 
polyatomic interferences by using a reaction gas e.g. helium gas (He) and kinetic energy 
discrimination (KED) to differentiate between analyte and polyatomic ions of the same (m/z) e.g. 
56Fe+ and the polyatomic 40Ar16O+ (see section 2.4.2) [Yamada, 2015]. Typically, it is observed that 
the polyatomic ions present in the cell collide more often with the gas i.e. He in comparison to the 
analyte ion and are found to have a lower kinetic energy. Therefore, polyatomic ions are removed 
by lowering the voltage potential of the collision cell to ensure that analyte ions with a sufficient 
kinetic energy pass through to the quadrupole mass analyser [Thomas, 2013]  
An innovative feature of the Agilent 8800 ICP-MS instrument is the capability to analyse samples 
with two quadrupole mass analysers (Q1 and Q2). The quadrupole mass analysers are located either 
side of the collision/reaction cell, which are kept under vacuum with the aid of turbomolecular 
pumps (see Figure 2.6). The main purpose of the quadrupole mass analyser is to separate the analyte 
ions according to their m/z ratio. This can be achieved either by using single-quad mode (Q2) or 
tandem MS/MS mode (Q1 and Q2). Typically, MS/MS mode is used to reduce the presence of 
tailing interferences e.g. 88Sr/90Sr, and/or to filter the ion beam to prevent the formation of 
secondary polyatomic interferences in the collision/reaction cell. For this work, only the single-
quad mode was required. As such, separation was achieved by applying a defined alternating and 
direct current (AC/DC) voltage potential to Q2 to steer the analyte ions to the detector. This process 
was then repeated by varying the voltage potential and scanning a defined range of m/z ratios to 
enable for rapid and simultaneous separation of the analytes of interest [Thomas, 2013; Sugiyama 
and Shikamori, 2015].  
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The final step in ICP-MS involves ion detection of the separated analyte ions by a discrete dynode 
channel SEM. This involves the detector converting and amplifying the signal of the analyte ions 
separated by the quadrupole mass analyser into an electrical pulse i.e. counts per second (CPS). As 
a result, the magnitude of the electrical pulse gives an indication of the total number of analyte ions 
present in the aqueous sample. This can then be quantified by analysing a series of known 
calibration standards to determine the elemental concentration [Thomas, 2013; Pereira et al., 2010].  
2.4.2 Instrumentation, optimisation and linear dynamic range  
Analysis of all aqueous samples collected for trace element analysis were performed on an Agilent 
8800 ICP-MS instrument located at the National Physical Laboratory, Teddington, UK with the 
data collected using the MassHunter Workstation software (Agilent Technologies, Cheshire, UK). 
The instrument was fitted with a Peltier cooled double-pass spray chamber, a MicroMist nebuliser 
(Glass Expansion, Melbourne, Australia) and an ASX-520 series auto sampler, which can hold up 
to 360 sample vials. At the interface of the instrument there are nickel sample and skimmer cones 
(Crawford Scientific, South Lanarkshire, UK), as well as a collision/reaction cell (termed the 
Octopole Reaction System (ORS3)), which enables for the removal of spectral interferences 
(especially polyatomic ions which overlap with an ion of interest, e.g. 40Ar16O+ on 56Fe+).  
Instrument optimisation was performed daily by analysing a 1 μg L-1 tuning standard solution 
consisting of Be, Y, Ce and Tl in 2% (v/v) HNO3 solution with the following low-, mid- and high-
mass numbers monitored: 9, 89 and 205, as well as 156/140 and 70/140 for oxide and doubly 
charged species formation, respectively [Russell et al., 2017]. Each monitored element had to reach 
a threshold sensitivity with an uncertainty <5%, and oxide and doubly charged formation had to be 
less than 2%. Additionally, each peak had to be within 0.1 atomic mass unit from the true mass 
number and the full width for each peak at 10% peak height (mass resolution). A 100 µg L-1internal 
standard of 115In, 140Ce, and 209Bi was also used to monitor any changes in the signal intensity across 
a sample run.  
For single element ICP-MS measurements, a 100 mg L-1 stock standard solution of uranium in 2% 
(v/v) HNO3 solution (Fisher Scientific, Loughborough, UK) was used for the batch sorption 
procedure (section 2.5). Whereas, a multi-element (MES) stock standard solution (Fisher Scientific, 
Loughborough, UK) containing 5000 to 20000 μg L-1 of magnesium, cobalt, zinc, strontium, lead, 
thorium and uranium in 2% v/v HNO3 (see Table 2.4) was used to test the effect of competing ions 
on the batch sorption procedure, which is discussed in further detail in sections 3.2.4.3, 4.2.4.3 and 
5.2.4.3, respectively.  
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Table 2.4: Composition of diluted multi-element standard (MES) solution prepared for 
selectivity studies.  
Multi-element standards of, arsenic, chromium, iron, lead, magnesium, strontium, thorium, 
uranium and vanadium were prepared by diluting stock standard solutions (100 - 10000 mg L-1) in 
2% (v/v) HNO3 (Fisher Scientific, Loughborough, UK). A total of eight working calibration 
standards were prepared to a linear dynamic range of 0.1 – 1000 μg L-1 to enable for the elemental 
concentration of the samples acquired from Sellafield, UK and Santa Cruz, Argentina to be 
determined. All calibration curves were plotted as concentration vs. the blank corrected analyte 
signal (CPS), and had R2 values of > 0.999. A summary of the operating parameters employed for 
each ICP-MS measurement is also detailed in Table 2.5.  
Elemental concentration / μg L-1 Mg Co Zn Sr Pb Th U 
100 50 200 50 100 50 50 
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Table 2.5: Optimised operating conditions used for the Agilent 8800 inductively coupled 
plasma mass spectrometer (ICP-MS) for multi-element analyses. 
Parameter Operating Conditions 
Sample introduction 
Carrier gas flow rate 0.6 L min-1 
Dilution gas flow rate 0.35 L min-1 
Nebuliser MicroMist concentric-nebuliser 
Nebuliser pump 0.1 rps 
Spray Chamber Peltier-cooled double-pass spray chamber 
Spray chamber temperature 2°C 
Plasma condition 
Radiofrequency (RF) power 1550 W 
Sampling depth 8 mm 
Plasma gas flow rate 15 L min-1 
Auxiliary gas flow rate 1 L min-1 
Collision/reaction cell 
Scan mode Single quad (SQ): no gas mode was selected* 
Analyte isotopes for selectivity studies 
(section 3.2.4.3, 4.2.4.3 and 5.2.4.3) 
24Mg, 59Co, 66Zn, 88Sr, 208Pb, 232Th, 238U 
Analyte isotopes for Sellafield water sample  
(section 4.3.1.5) 
24Mg, 52Cr, 56Fe, 88Sr, 208Pb, 232Th, 238U 
Analyte isotopes for environmental samples 
from Santa Cruz, Argentina (section 5.3.1.4) 
51V, 75As, 232Th, 238U 
Tune solution  9Be, 89Y, 140/156Ce and 205Tl  
Internal standard   115In, 140Ce, 209Bi  
No. of replicates 3 
*Except in the case of the Sellafield water sample whereby single quad (SQ): collision/reaction cell mode 
(using helium (He) cell gas) at a flow rate of 3 mL min-1 was employed for data acquisition to remove 
polyatomic interferences commonly observed in the analysis of 56Fe+ (namely, 40Ar16O+).  
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2.4.2.1 Limits of detection (LOD) 
The instrumental limit of detection (LOD) is defined as the concentration that is determined when 
the measured signal differs from the signal of the blank solution (Miller and Miller, 2010). Limits 
of detection for each analyte studied was calculated using Equation 2.4 from triplicate analyses of 
the signal blank solution. 
LOD =SB + (3×SD) 
Equation 2.4: Limit of detection (LOD) 
Where SB refers to the average signal blank and SD refers to the standard deviation of the signal 
blank where n = 3. 
Table 2.6: List of analyte elements of interest for this work, their natural abundance and limit 
of detection (LOD) in 2% (v/v) HNO3 studied using the Agilent 8800 inductively 
coupled plasma mass spectrometer (ICP-MS) [Lehto and Huo, 2011]. 
2.5 Batch Sorption Procedure  
2.5.1 Methodology 
Two parameters are often reported when determining the removal capability of a sorbent material. 
The first is sorption (S) and is defined as the process which target radionuclide species undergo to 
become attached to the surface of the sorbent material. The second is the distribution co-efficient 
(Kd), which indicates the relative affinity of a sorbent material for a target radionuclide species and 
is represented as a mass-weighted ratio between the liquid phase and the solid sorbent phase. The 
corresponding Kd values obtained for each sorbent material can be compared by employing 
identical experimental conditions which are known to affect Kd e.g. the solid-to-liquid ratio and 
radionuclide concentration. As a result, the sorption performance of each material for uranium and 
other elements of interest can be assessed by determining the sorption percentage by using Equation 
2.5 with the corresponding distribution co-efficient, Kd, determined by Equation 2.6: 
Analyte isotope Natural abundance / % Limit of detection / ng L-1 
24Mg+ 78.7 680 
51V+ 99.7 740 
52Cr+ 83.8 770 
56Fe+ 91.7 2000 
59Co+ 100 970 
75As+ 100 730 
88Sr+ 82.6 630 
208Pb+ 52.4  510 
232Th+ 100 790 
238U+ 99.3 510 
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S = 100 –(
𝐶𝑃𝑆𝑓
𝐶𝑃𝑆𝑖
) ×100 
  Equation 2.5: Sorption (S, %) 
Kd = (
𝐶𝑃𝑆𝑖−𝐶𝑃𝑆𝑓
𝐶𝑃𝑆𝑓
) (
𝑉
𝑚
) 
Equation 2.6: Distribution co-efficient (Kd, mL g
-1) 
where CPSi and CPSf refer to the initial counts per second prior to the addition of the sorbent 
material and final counts per second detected by ICP-MS, respectively; V refers to the volume of 
standard solution used e.g. uranium or multi-element standard (MES) in mL; and m refers to the 
mass of sorbent material used in g. Typically, higher Kd values are only observed for exceedingly 
selective sorbent systems. Fryxell et al. (2005) have reported a detailed study on Kd parameters and 
have specified the following target values for ‘good’ (Kd: 1000 mL g
- 1) and ‘outstanding’ (Kd: 
50000 mL g-1) performing sorbent materials [Fryxell et al., 2005].  
For this work, the sorption of uranium and other elements of interest onto each sorbent material 
was investigated by completing a series of batch-mode experiments as illustrated in Figure 2.9. To 
test the effect of pH, a series of 10 mL solutions of 10 mg L-1 of uranium were prepared in 15 mL 
polypropylene centrifuge tubes (Sarstedt, Leicester, UK), which were pH adjusted from pH 1 to 13 
with 0.01 M – 1.00 M solutions of HNO3 and NaOH, respectively. The pH was measured with a 
digital pH/ISE meter (Orion Star A214, Thermo Scientific, UK). For contact time studies, a 10 mL 
solution of 10 mg L-1 of uranium was prepared and the pH was adjusted to pH 4 with 0.01 M HNO3 
with timed aliquots collected from 5, 20, 40, 60 and 140 min. In a typical sorption experiment, an 
initial aliquot was taken of the prepared solutions and diluted with 2% (v/v) HNO3 solution to 
determine the initial concentration (at time = 0 h) of uranium by inductively coupled plasma mass 
spectrometry (ICP-MS) (Agilent 8800, Agilent Technologies, Cheshire, UK). This was then 
subsequently followed by the addition of 0.010 ± 0.001 g of the sorbent material to the pH-adjusted 
suspensions. The samples were shaken at 200 rpm, left for 24 h to equilibrate and a final sample 
aliquot was collected. The collected sample aliquot was then filtered through a 0.45 µm syringe-
driven filter unit (Millipore™ Isopore, Milford, MA, USA) into a 15 mL centrifuge tube and was 
diluted with 2% (v/v) HNO3 solution for ICP-MS analysis. To test the effect of competing ions, 
batch sorption experiments were repeated with 10 mL of multi-element standard (MES) solutions 
(see Table 2.4) at pH 4. The U and MES concentrations in both the initial and final aliquots 
collected for the single and multi-component batch studies were analysed using ICP-MS following 
the methodology outlined in section 2.4. 
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Figure 2.9: Schematic representation of the single-component uranium batch studies 
completed for functionalised multi-walled carbon nanotubes (f-MWCNTs), 
functionalised graphene oxide (f-GO) and magnetite functionalised graphene 
oxide (Fe3O4-f GO). 
A preliminary study for both functionalised MWCNTs and GO samples were completed for this 
work to determine the best solid-to-liquid ratio (S/L, g L-1) for uranium sorption. This was 
accomplished by varying the S/L ratio from 0.1 to 10 g L-1 and determining the uranium sorption 
(%) observed under each experimental condition.  
Figure 2.10 shows that an initial spike in U sorption (%) was observed when 1 g L-1 of MWCNTs 
was tested, which was followed by a general decrease in sorption performance. This observed 
decrease was believed to be due to the aggregation of MWCNTs occurring at high S/L ratios, which 
has been previously reported for other MWCNTs sorbent systems [Tseng et al., 2015; Moaty et al., 
2017]. Overall, an optimal S/L of 1 g L-1 was observed for both samples, which was selected for 
subsequent solution pH, contact time and selectivity studies. 
  
1. Initial aliquot of U 
collected
pH-adjusted solution
2. 0.010 ± 0.001 g of
sorbent material added
f-MWCNTs
f-GO
Fe3O4-f GO
3. Aliquots collected for 
contact time studies (5-140 min)
5. Final aliquot collected6. ICP-MS analysis of all 
aliquots collected
4. 200 rpm for 24 h
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Figure 2.10: Effect of varying the solid/liquid ratio (S/L) from 0.1 g L-1 to 10 g L-1 on 
uranium sorption for both functionalised MWCNTs and GO. (Experimental 
conditions: initial U concentration = 10 mg L-1, S/L ratio = 0.1 – 10 g L-1, pH 
4, contact time = 24 h).  
2.5.2 Sorption isotherms plots 
The maximum sorption capacity (Qmax, mg g
-1) of single-component systems can be described by 
fitting the experimental sorption data attained with equilibrium sorption isotherm models. These 
models are typically expressed by equilibrium constants relating to the surface and binding 
properties of the sorbent material being characterised. The most widely used sorption model used 
for this purpose are the Langmuir and Freundlich isotherm models (see Equations 2.7 - 2.9). The 
Langmuir isotherm model is based on the assumption that homogenous binding sites present in the 
sorbent material can hold the target species via a monolayer sorption process [Günay et al., 2007]. 
On the other hand, the Freundlich model assumes that multi-layer sorption processes occur on the 
heterogeneous binding sites present in the sorbent material [Han et al., 2007]. The linearised forms 
of the Langmuir isotherm model and Freundlich isotherm model are as follows: 
 𝐶𝑒
𝑄𝑒
=  
1
𝑄𝑚𝑎𝑥𝐾𝐿 
+  
𝐶𝑒
𝑄𝑚𝑎𝑥
 
Equation 2.7: Langmuir isotherm model 
𝐼𝑛(𝑄𝑒) =  𝐼𝑛(𝐾𝐹) +  
1
𝑛
 𝐼𝑛(𝐶𝑒) 
Equation 2.8: Freundlich isotherm model 
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where Qe (mg g
-1) refers to the sorption capacity and is calculated by the following equation: 
𝑄𝑒 = (𝐶𝑖 − 𝐶𝑒) (
𝑉
𝑚
) 
 
Equation 2.9: Sorption capacity (Qe, mg g
-1) 
Ci and Ce (mg L
-1) refer to the initial and equilibrium uranium concentration, respectively. KL (L 
mg-1) refers to the Langmuir constant, which describes the sorption energy of the system. Qmax (mg 
g-1) refers to the maximum sorption capacity of the sorbent material for the target analyte. KF (L 
mg-1) refers to the Freundlich constant which describes the sorption capacity and 1/n refers to the 
sorption intensity. 
Uranium sorption isotherms for this work were completed by diluting a 100 mg L-1 stock standard 
solution of uranium in 2% (v/v) HNO3 solution (Fisher Scientific, Loughborough, UK). Typically, 
eight uranium standards ranging from 0.1 to 60 mg L-1 were prepared and used to determine the 
uranium Qe of each sorbent material of interest. These results were then further analysed by plotting 
Langmuir and Freundlich isotherm plots to determine the Qmax, as discussed in sections 3.3.1.3, 
4.3.1.3 and 5.3.13. In addition to the Qmax, another parameter known as the separation factor, RL, 
was used to assess the nature and likelihood of sorption occurring on to the surface of the material. 
This is typically calculated from the following equation [Yu et al., 2013; Wang et al., 2009]: 
𝑅𝐿 = 
1
1+𝐾𝐿𝐶𝑖
 
Equation 2.10: Separation factor (RL) 
where KL (L mg
-1) refers to the Langmuir constant which describes the sorption energy of the 
system and Ci (mg L
-1) which refers to the initial uranium concentration (0.1 – 60 mg L-1). The 
calculated RL value can then be placed into the following four categories which describe the 
sorption process: RL > 1: unfavourable, RL = 1: linear, 0 <RL < 1: favourable and RL = 0: irreversible 
sorption. 
2.6 Summary 
The characterisation techniques outlined in this chapter were used to quantify the total contribution 
of surface functional groups present in each of the sorbent materials studied i.e. MWCNTs (see 
Chapter 3), GO (see Chapter 4) and Fe3O4-f GO (see Chapter 5). An overview of the main principles 
behind the characterisation techniques used for this research are provided in sections 2.1 – 2.3. 
Field emission-scanning electron microscopy (FE-SEM), Fourier transform infrared spectroscopy 
(FTIR) and Raman spectroscopy were employed to determine the change in structural properties 
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of each functionalised sorbent material (sections 2.1.1 – 2.1.3). Surface and chemical analysis 
techniques, such as X-ray photoelectron spectroscopy (XPS) and UV-visible spectrophotometric 
analysis (UV-Vis), were outlined in sections 2.2.1 – 2.2.2; with the former technique being the 
primary characterisation technique employed to determine the change in surface chemistry of each 
material. Finally, the methodology employed for surface charge measurements and 
thermogravimetric analysis (TGA) were outlined in sections 2.2.3 – 2.2.4.  
The influence of surface chemistry on the uranium sorption capability of each sorbent material was 
determined by inductively coupled plasma mass spectrometry (ICP-MS), with the instrumentation 
and methodology applied discussed in sections 2.4.1 – 2.4.2. Each of the aqueous samples collected 
during the batch sorption experiments (see section 2.5) were analysed by ICP-MS for the presence 
of uranium and other trace elements. Initial work involved investigating the effect of solution pH, 
contact time and competing ions. This was then followed by solution studies into the effect of 
increasing uranium concentration by determining the Qmax of each sorbent material (section 2.5.2).  
 
  
Chapter Three 
Investigating the Removal of Uranium by Multi-
Walled Carbon Nanotubes (MWCNTs) 
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3.0 Introduction  
Research into nanomaterials, chiefly carbon nanotubes (CNTs), has shown both significant 
economic and societal benefits in the areas of waste treatment, electronics and catalysis, on account 
of their highly attractive intrinsic properties, as evidenced by the number of publications in the 
research area [Builova et al., 2007; Baughman et al., 2002; Arico et al., 2005; Rastkari et al., 2010; 
Wang, 2005]. These properties include high mechanical strength, electrical conductivity and 
chemical surface functionality [Jorio et al., 2008]. Furthermore, an extremely high specific surface 
area has been observed for CNTs of up to ~3000 m2 g-1 [Zhai et al., 2011]. This property of both 
high chemical surface functionality and surface area potentially allows the covalent coupling of 
selective functional groups to CNTs, to form enhanced and multi-functional carbon nanotube 
systems (f-CNTs). Hence, it is in this context that such hybrid systems may be considered as 
promising sorbent materials that can be made suitable for the removal of radionuclides, e.g. 
uranium, present in aqueous radioactive waste (reviewed in Chapter 1).  
CNTs are structurally cylindrically-walled nanomaterials with the walls consisting of a hexagonal 
lattice of aromatic (sp2-hybridised domains) of graphene, which contain in at least one-dimension 
a diameter size over the nanoscale range (1 – 100 nm) and is several microns in length, as depicted 
in Figure 3.1(a) [Carrara, 2010; Harris, 2009; Xia et al., 2003]. There are two main types of CNTs: 
pristine single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs). Iijima was the first to successfully identify the structure of pristine MWCNTs via 
transmission electron microscopy (TEM) imaging (see Figure 3.1 (b)) [Iijima, 1991].  
 
Figure 3.1: Schematic representation of (a) single-walled carbon nanotubes (SWCNTs) and 
multi-walled carbon nanotubes (MWCNTs) formed from a single layer of 
graphene, (b) transmission emission microscopy (TEM) images first identified 
by Iijima the various MWCNTs consisting of two to seven rolled graphene 
sheets. Figure reprinted with permission from [Carrara 2010; Iijima 1991]. 
(a) (b)
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Since their discovery, a large number of publications on the topic of covalent chemical 
functionalisation have been reported for MWCNTs. Typically, such routes involve the use of 
oxidation, superoxidation and reduction treatments on pristine MWCNTs to introduce surface 
functional groups, such as, carboxyls (O-C=O), carbonyls (C=O) and hydroxyls (C-OH). For 
instance, Zhang et al. (2003) revealed the benefit of combining both strong chemical oxidation and 
superoxidation treatments (Figure 3.2 (a)) to introduce predominantly carboxyl groups to defect 
sites present on the surface of pristine MWCNTs [Zhang et al., 2003]. Such intrinsic defect sites 
arise usually during the synthesis of CNTs. They are referred to in the literature as Stone-Wales 
defects, which are typically comprised of five/seven-membered rings of sp3-hybridised carbon 
atoms that lead to enhanced chemical reactivity [Balasubramanian et al., 2008, Burghard et al., 
2005]. Therefore, it is at these specific defect sites that the surface of the MWCNTs can be 
functionalised with carboxyl groups to form carboxyl-functionalised MWCNTs (COOH-f 
MWCNTs) suitable for further coupling reactions. 
 
Figure 3.2: Covalent functionalisation routes reported in the literature for pristine 
MWCNTs: (a) combined oxidation and superoxidation treatment; (b) 
amidation treatment via carbodiimide coupling; (c) esterification treatment via 
thionyl chloride coupling [Zhang et al., 2003; Bianco et al., 2007].  
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A secondary benefit of introducing functional groups to the surface of pristine MWCNTs is the 
increased ease of dispersibility (see section 3.2.2.4 for surface charge data) observed in organic 
solvent systems, e.g. methanol, when compared to its unmodified (pristine) form. As a result, 
chemical functionalisation also facilitates the usage of MWCNTs into existing coupling procedures 
without the need for the development of novel synthesis techniques. This finding has been 
demonstrated by Bianco et al. (2007) and Karousis et al. (2010) who used COOH-f MWCNTs 
prepared by the method reported by Zhang et al. (2003) for both amidation and esterification 
reactions, respectively. This is shown in Figures 3.2 (b) and (c) [Bianco et al., 2007; Karousis et 
al., 2010].  
In a typical amidation reaction, COOH-f MWCNTs were readily dispersed in N, N 
dimethylformamide (DMF) and activated via the addition of the coupling agents, N, N’-
dicyclohexylcarbodiimide (DCC) and 4’ dimethylaminopyridine (DMAP). This resulted in the 
formation of a highly-reactive intermediate, which was suitable for the covalent coupling of an 
amine-terminated species to form amide-functionalised (CONH-f) MWCNTs. Alternatively, for an 
esterification reaction, the Bianco group reported treating COOH-f MWCNTs with thionyl chloride 
(SOCl2) dispersed in DMF to form initially acyl-functionalised (COCl-f) MWCNTs. This species 
was found to be suitable for the covalent coupling of hydroxyl-terminated species to eventually 
form ester-functionalised (COOR-f) MWCNTs. 
The first objective for this work involved applying liquid-phase chemical oxidation, 
superoxidation, reduction and amidation treatments, respectively, to pristine MWCNTs (see section 
3.1 and Figure 3.3). Once this was completed, the next stage of work involved characterising the 
various functional groups introduced to the surface of the MWCNTs via a combination of structural 
characterisation techniques, such as, Raman spectroscopy and statistical Raman mapping (see 
sections 3.2.1.2 and 3.2.1.3). In addition to X-ray photoelectron spectroscopy (XPS), surface charge 
measurements and thermogravimetric (TGA) analysis were performed, which are discussed in 
sections 3.2.2.1, 3.2.2.4 and 3.2.3, respectively. Finally, section 3.3 discusses the suitability of each 
functionalised MWCNTs for the removal of uranium species by determining the uranium sorption 
(%) and distribution co-efficient (Kd, mL g
-1). This was accomplished by investigating the effect of 
acidic solution pH, contact time and competing ions on the batch system (see Chapter 2, section 
2.5). Moreover, the maximum sorption capacity (Qmax, mg g
-1) for uranium removal was determined 
for the most effective sorbent material by fitting the experimental data using both Langmuir and 
Freundlich isotherm models (section 3.3.4.4).  
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3.1 Materials and Methodology  
3.1.1 List of chemicals and reagents 
Described herein are the synthesis steps followed to prepare acid-treated MWCTS, carboxyl-
functionalised (COOH-f) MWCNTs, hydroxyl (OH-f) MWCNTs and amide (CONH-f) MWCNTs. 
Pristine MWCNTs (NC3100) were purchased from Nanocyl SA (Sambreville, Belgium) and used 
as received. According to the manufacturer, the average diameter of the MWCNTs was ~ 9.5 nm 
with an average length of 1.5 μm [Nanocyl, 2016]. TGA analysis showed that the carbon purity of 
the samples was ~ 99.9% (see Figure 3.14). All reagents and solvents used for this work were 
purchased from Sigma Aldrich (Poole, UK) and used as received: nitric acid (HNO3), potassium 
permanganate (KMnO4), perchloric acid (HClO4), citric acid (C6H8O7), sodium borohydride 
(NaBH4), DMF (N, N dimethylformamide), N, N’-dicyclohexylcarbodiimide (DCC), 4’ 
dimethylaminopyridine (DMAP); and double distilled water (DDW, 18.2 M.Ω.cm) was obtained 
from a Milli-Q® system (Merck, Watford, UK). 
3.1.1 Synthesis of carboxyl-functionalised (COOH-f) MWCNTs  
A mass of 0.10 ± 0.01 g of pristine MWCNTs (Nanocyl (NC3100, C > 99.9 %)) were dispersed in 
HNO3 (70 %, 100 mL) in a round-bottom flask (250 mL) equipped with a condenser, which was 
refluxed at 135 °C for 24 h. Next, the acid-treated mixture was diluted in DDW and filtered onto a 
0.45 μm filter membrane (Millipore™ Isopore, Milford, MA, USA) and washed with DDW until 
a neutral pH was reached. The collected solid was then repeatedly washed with DDW, methanol 
and ethanol and subsequently dried overnight in a vacuum oven at 60°C.  
Next, a second oxidation treatment was applied to the acid-treated MWCNTs. 0.025 ± 0.001 g of 
the material was dispersed in 10 mL of DDW in a round-bottom flask (100 mL) via ultrasonication 
for 30 min. Once thoroughly dispersed, KMnO4 (0.010 ± 0.001 g, 0.063 mmol) was added, and the 
flask was placed in an ice-bath and cooled down to 0 °C. Next, HClO4 (70 %, 10 mL) was then 
added slowly dropwise and the mixture was left to stir for 5 h. After that, citric acid (0.10 ± 0.01 g, 
0.052 mmol) was added and the same filtration, washing and drying procedure applied to acid-
treated MWCNTs was used.  
3.1.2 Synthesis of hydroxyl-functionalised (OH-f) MWCNTs  
A mass of 0.025 ± 0.001 g of the acid-treated MWCNTs was dispersed in 10 mL of DDW in a 
round bottom flask (100 mL) via ultrasonication (Branson 2510EMT, Slough, UK). A solution of 
NaBH4 (0.15 ± 0.01 g, 3.97 mmol) was added dropwise, and the mixture was stirred for 24 h. The 
same filtration, washing and drying procedure applied to acid-treated MWCNTs was used.  
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3.1.3 Synthesis of amide-functionalised (CONH-f) MWCNTs  
0.020 ± 0.001 g of the COOH-f MWCNTs were dispersed in anhydrous DMF (99.8 %, 10 mL) in 
a round-bottom flask (50 mL) via ultrasonication for 1 h. A carbodiimide-activated coupling 
mixture consisting of DMAP (0.10 ± 0.01 g, 0.48 mmol) and DCC (0.25 ± 0.01 g, 2.05 mmol) was 
then added to the mixture followed by 1 mL of ethylenediamine (EDA) (0.015 mol), which was 
left to stir for 48 h at 80oC under a N2 atmosphere [Lin et al., 2006]. The resulting mixture was then 
filtered, washed and dried using the same procedure applied to acid-treated MWCNTs. 
 
Figure 3.3: Illustration of the reaction scheme followed for this work to functionalise pristine 
MWCNTs via liquid-phase chemical treatments: (a) oxidation- HNO3, (b) 
superoxidation – KMnO4/HClO4, (c) reduction– NaBH4 and (d) amidation – 
DCC/DMAP coupling. 
3.2 Results and Discussion for the Characterisation Data 
3.2.1 Structural analysis  
For this section, the structural data attained for pristine and functionalised MWCNTs are described. 
The change in morphology of each material was investigated by completing field emission-
scanning electron microscopy (FE-SEM) measurements (methodology outlined in Chapter 2, 
section 2.1.1) and is discussed in section 3.2.1.1. The presence of structural defects present in each 
of the functionalised MWCNTs were studied by statistical Raman mapping (methodology outlined 
in Chapter 2, section 2.1.3.1) and are discussed in section 3.2.1.3.   
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3.2.1.1 Field emission-scanning electron microscopy (FE-SEM) 
Field emission-scanning electron microscopy (FE-SEM) was used to monitor the changes in the 
morphology of pristine MWCNTs, before and after chemical functionalisation with HNO3 
(oxidation treatment), KMnO4/HClO4 (COOH-functionalisation), NaBH4 (OH-functionalisation) 
and EDA (DCC/DMAP coupling). Figure 3.4 (a) showcases that the morphology of pristine 
MWCNTs typically comprises of entangled nanotubes [Nanocyl, 2016; Khani et al., 2013]. 
 
Figure 3.4: Field emission-scanning electron microscopy (FE-SEM) images of: (a) pristine 
MWCNTs; (b) acid-treated MWCNTs; (c) COOH- f MWCNTs; (d) OH-f 
MWCNTs; and (e) CONH-f MWCNTs, dispersed onto a Si/SiO2 wafer 
substrate. 
Following HNO3 treatment of pristine MWCNTs, it was found that the tubes became further 
fragmented and bundled, as shown in Figure 3.4 (b). The FE-SEM images of COOH-f MWCNTs, 
OH-f MWCNTs and CONH-f MWCNTs (Figure 3.4 c-e) showed similar surface morphologies as 
that of acid-treated MWCNTs. However, a greater degree of dense aggregation was observed with 
each individual nanotube bundle. 
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3.2.1.2 Raman spectroscopy  
Raman spectroscopy is a non-destructive tool for the analysis of carbon-based materials, including 
MWCNTs, graphene and fullerenes, as discussed in Chapter 2, section 2.1.3. The Raman Stokes 
scattering mode associated with the material become resonantly enhanced, which gives rise to 
distinct and well-defined Raman bands [Bokobza et al., 2014]. These bands can then be monitored 
to investigate the change in the materials carbon structural network caused by the introduction of 
the additional chemical functionalities [Pawlyta et al., 2015]. In this work, the technique was 
employed to determine the relative peak position and corresponding full width half maximum 
(FWHM) of five known Raman bands for MWCNTs, which are summarised in Appendix E, Table 
AE.1. These were namely, the D band ~ at 1340 cm- 1, the G band at ~ 1572 cm- 1, D’ band at ~ 
1610 cm-1, the 2D band at ~ 2680 cm-1 and the D+G band at ~ 2900 cm-1 [DiLeo et al., 2007]. Both 
the D and D’ bands arise due to structural disorder at defect sites [Tangoulis et al., 2018]. The G 
band appears due to in-plane bond stretching of the sp2 carbon in graphene, whilst the 2D and D+G 
bands are both spectral overtones of the D and D’ bands [Datsyuk et al., 2008].  
The averaged Raman spectrum collected for each functionalised MWCNTs were compared to 
pristine MWCNTs, as shown in Figures 3.5 and 3.6. It was found that the acid-treated MWCNTs 
(Figure 3.5 (b)) displayed an upshift of around 6 cm−1 in both the D and G band positions, relative 
to pristine MWCNTs. In addition, for acid-treated MWCNTs, both the D and G bands appeared to 
become narrowed with the FWHM decreasing from 75 ± 1 cm−1 and 61 ± 1 cm−1 to 56 ± 2cm−1 and 
53 ± 1 cm−1, respectively. The same variation in both the D and G band positions was also observed 
for the Raman spectra collected for COOH-f MWCNTs and CONH- f MWCNTs. In addition to 
the peak narrowing observed for acid-treated MWCNTs, as shown in Figures 3.6 (a) and (c), an 
upshift of ~ 7 cm-1 and 6 cm-1 was seen for both peak positions, respectively. Overall, this suggests 
that with each functionalised material, a higher degree of surface functionalisation was achieved in 
comparison to pristine MWCNTs. This particular finding is discussed further in section 3.2.1.3, 
where another parameter, the relative intensity ratio of these Raman band positions (ID/IG), was 
also determined to support this observation [Datsyuk et al., 2008]. The Raman spectrum for OH-f 
MWCNTs (see Figure 3.6 (b)) was found to be comparable to the spectra attained for pristine 
MWCNTs, which suggests that the reduction treatment with NaBH4 lead primarily to the retention 
of the pristine MWCNTs sp2 structure [Scheibe et al., 2010]. 
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Figure 3.5: Averaged Raman spectra attained for: (a) pristine MWCNTs; and (b) acid-treated 
MWCNTs, with the D, G, D’, 2D and D+G bands are highlighted. Each 
spectrum was plotted as the average of three independent measurements. 
 
Figure 3.6: Averaged Raman spectra attained for: (a) COOH-f MWCNTs; (b) OH-f 
MWCNTs; and (c) CONH-f MWCNTs, with the D, G, D’, 2D and D+G bands 
highlighted. Each spectrum was plotted as the average of three independent 
measurements.  
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3.2.1.3 Statistical Raman mapping 
The intensity ratio of the D and G bands (ID/IG) was also determined for both pristine and 
functionalised MWCNTs. This was done by studying a 30 μm x 30 μm sample region via surface 
Raman mapping, as described in section 2.1.3.1. The ID/IG is a useful parameter as it enables a 
quantitative assessment to be made between the ratios of defect carbon sites present in the sample 
relative to the sp2 bonded carbon. For instance, a low ID/IG ratio would indicate that the structural 
integrity of the MWCNTs was retained due to the presence of fewer defect sites [Brown et al., 
2001].  
The statistical Raman maps and the corresponding ID/IG ratio histogram attained for pristine 
MWCNTs and acid-treated MWCNTs, are presented in Figures 3.7 (a) to (b) and Figures 3.8 (a) to 
(c), which shows the data obtained for COOH-f MWCNTs, OH-f MWCNTs and CONH-f 
MWCNTs. Overall, it was found that the ID/IG ratio increased from 1.12 ± 0.06 for pristine 
MWCNTs to 1.39 ± 0.06 and 1.36 ± 0.16 for acid-treated and OH-f MWCNTs, respectively. This 
indicates that a small degree of surface group functionalisation was achieved with the one-step 
oxidation and reduction treatments applied to pristine MWCNTs, as noted previously by Kim et al. 
(2017) [Kim et al., 2017]. 
 
Figure 3.7: The statistical Raman map (30μm x 30μm) of D-to-G band peak intensity ratio 
(ID/IG) for: (a) pristine MWCNTs and (b) acid-treated MWCNTs, with the 
corresponding ID/IG histogram. Values are expressed as mean ± SD (n = 676). 
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Figure 3.8: The statistical Raman map (30μm x 30μm) of D-to-G band peak intensity ratio 
(ID/IG) for: (a) COOH-f MWCNTs; (b) OH-f MWCNTs; and (c) CONH-f 
MWCNTs, with the corresponding ID/IG histogram. Values are expressed as 
mean ± SD (n = 676). 
Moreover, it was found that both COOH-f MWCNTs and CONH-f MWCNTs also showed an 
increase with ID/IG ratios of 1.69 ± 0.10 and 1.73 ± 0.07, respectively. It was determined these 
observed increases implied both superoxidation and amidation treatments were more successful in 
disrupting the sp2 network of pristine MWCNTs. This resulted in the introduction of a larger 
number of defect sites suitable for the attachment of covalent surface groups, such as, carboxyl, 
amide and amine groups, which was further confirmed by completing X-ray photoelectron 
spectroscopy (XPS) surface analysis measurements (section 3.2.2.1). 
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3.2.2 Surface analysis  
The following section outlines the techniques employed to quantify the total contribution of surface 
functional groups present in each functionalised MWCNTs sample (see section 2.2.1 for 
experimental methodology employed). Two key surface characterisation techniques were used for 
this work: X-ray photoelectron spectroscopy (XPS) and surface charge measurements 
(methodology outlined in Chapter 2, section 2.2.1 and 2.2.3) which are discussed below in sections 
3.2.2.1 – 3.2.2.4. 
3.2.2.1 X-ray photoelectron spectroscopy (XPS)  
XPS survey scans were completed for both the pristine and functionalised MWCNTs (Figure 3.9). 
As a result, the atomic composition (%) for each respective material was determined (see Table 
3.1). Figures 3.9 (b) to (d) showed a substantial oxygen signal for acid-treated MWCNTs, COOH-
f MWCNTs and OH-f MWCNTs, corresponding to an oxygen (%) 17.23 ± 0.95 %, 18.77 ± 0.36 
% and 7.57 ± 0.040 % where n = 5, respectively. In comparison, the oxygen signal for pristine 
MWCNTs was considerably lower with a value of 0.88 ± 0.030 % attained. Overall, these results 
confirmed that the pristine MWCNTs had an increase in oxygen functionalities successfully 
introduced to the material surface. Furthermore, it was found that the DCC/DMAP procedure 
applied to COOH-f MWCNTs for the synthesis of CONH-f MWCNTs resulted in the addition of 
nitrogen-containing surface groups to the material. As such, the survey scan for CONH-f MWCNTs 
revealed an additional peak at 399.8 eV, which corresponds to the presence of nitrogen species 
with a value of 2.47 ± 0.080 % observed in comparison to the 0.34 ± 0.17 % found for COOH-f 
MWCNTs. However, high resolution carbon 1s (C1s), oxygen 1s (O1s) and nitrogen 1s (N1s) scans 
were still required for this research to enable for the total nature and abundance of each surface 
functional group to be identified.  
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Figure 3.9: X-ray photoelectron spectroscopy (XPS) survey scans of: (a) pristine MWCNTs 
and (b – e) functionalised MWCNTs, where n = 5. 
  
1200 1000 800 600 400 200 0
0.0
0.5
1.0
1.5
2.0
2.5
In
te
n
s
it
y
 (
x
1
0
5
) 
C
P
S
Binding Energy (eV)
C1s
O1sCKLL
OKLLNa1s
O1sCKLL
OKLL
C1s
O1s
CKLL
1200 1000 800 600 400 200 0
0
2
4
6
8
10
12
14
In
te
n
s
it
y
 (
x
1
0
5
) 
C
P
S
Binding Energy (eV)
1200 1000 800 600 400 200 0
0.0
0.5
1.0
1.5
2.0
2.5
In
te
n
s
it
y
 (
x
1
0
5
) 
C
P
S
Binding Energy (eV)
C1s
O1s
CKLL OKLL
(b)
1200 1000 800 600 400 200 0
0.0
0.5
1.0
1.5
2.0
2.5
In
te
n
s
it
y
 (
x
1
0
5
) 
C
P
S
Binding Energy (eV)
C1s
O1s
CKLL OKLL
(c) (d)
1200 1000 800 600 400 200 0
0.0
0.5
1.0
1.5
2.0
2.5
In
te
n
s
it
y
 (
x
1
0
5
) 
C
P
S
Binding Energy (eV)
N1s
Acid-treated MWCNTsPristine MWCNTs
COOH-f MWCNTs OH-f MWCNTs
CONH-f MWCNTs
C1s
(a)
(e)
Chapter 3: Investigating the Removal of Uranium by Multi-Walled Carbon Nanotubes (MWCNTs) 
 
56  
3.2.2.2 High resolution C1s and O1s XPS scan of functionalised-MWCNTs  
Narrow (20 eV) high resolution C1s spectra were acquired for the pristine MWCNTs, acid-treated 
MWCNTs, COOH-f MWCNTs, OH-f MWCNTs and CONH-f MWCNTs. Figures 3.10 (a) to (e) 
show the results obtained for each functionalised MWCNTs material with the total contribution 
(%) of each surface functional group identified summarised in Figure 3.10 (f).  
 
Figure 3.10: Deconvolution of high resolution C1s X-ray photoelectron spectroscopy (XPS) 
spectra for: (a) pristine MWCNTs and (b – e) functionalised MWCNTs, where 
n = 5; (f) the quantification of the total contribution of surface functional 
groups deconvoluted in the high resolution C1s XPS scans for (a) to (e), where 
the data is expressed as mean ± SD (n = 5). 
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Overall, it was found that the pristine MWCNTs exhibited four main components in its C1s 
spectrum (Figure 3.10 (a)). The main peak at 284.6 eV (79.46 ± 0.83 C1s %), corresponds to the 
presence of sp2/sp3 carbon (C-C/C=C) species with additional peaks observed for single-bonded 
carbon to oxygen (C-O), carbonyl functional groups (C=O) and a satellite (π-π)* transition at 286.1 
eV (16.97 ± 0.74 C1s %), 287.5 eV (0.69 ± 0.26 C1s %) and 291.2 eV (2.88 ± 0.41 C1s %), 
respectively. The corresponding high resolution C1s spectra collected for the acid-treated and 
COOH-f MWCNTs (Figures 3.10 (b) to (c)) both showed an additional peak for the presence of 
carboxyl species (O-C=O) at a higher binding energy of 288.7 eV and 288.9 eV, respectively. This 
particular finding confirmed that the surface treatment applied to pristine MWCNTs (see section 
3.1) leads to a greater number of C-O, C=O and O-C=O functional groups being added to the walls 
of the nanotubes, which has been previously reported by Wang et al., (2012) for the HNO3-treated 
MWCNTs [Wang et al., 2012].  
The high resolution C1s scan collected for the OH-f MWCNTs (Figure 3.10 (d)) revealed the 
presence of C-C/C=C at 284.6 eV, C-O at 285.9 eV, C=O at 287.8 eV and O-C=O at 288.8 eV 
peaks, as identified previously for the acid-treated MWCNTs. However, it was found that the C=O 
peak for the OH-f MWCNTs decreased from 5.95 ± 0.77 C1s % to 0.61 ± 0.06 C1s %; plus the C-
O peak appeared to have increased to 32.40 ± 0.24 C1s %. Shin et al. (2009) reported similar values 
when using the same reduction treatment (see section 3.2.2) for the modification of the MWCNTs 
and graphene oxide (GO) with hydroxyl groups. Thus, the C1s XPS data obtained for the OH-f 
MWCNTs provided evidence for the successful attachment of OH groups to the edge tips of the 
acid-treated MWCNTs. Finally, the C1s spectrum attained for the CONH-f MWCNTs showed the 
reduction of the O-C=O peak observed for the COOH-f MWCNTs at 288.9 eV; plus the presence 
of an additional peak assigned to C-N species at 285.4 eV [Ramanathan et al., 2005]. 
Further evidence for covalent functionalisation was also revealed by the corresponding O1s spectra 
attained for each of the functionalised MWCNTs materials (see Figures 3.11 (a) to (e)). Overall, 
each of the O1s spectra attained support the main findings made from the above-mentioned C1s 
XPS plots. In particular, it was observed that the O-C=O content in the COOH-f MWCNTs 
increased from 4.45 ± 0.11 O1s % to 8.17 ± 0.98 O1s %, in comparison to the acid-treated 
MWCNTs. 
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Figure 3.11: Deconvolution of high resolution O1s X-ray photoelectron spectroscopy (XPS) 
spectra for: (a – d) functionalised MWCNTs, where n = 5; (e) the 
quantification of the total contribution of surface functional groups 
deconvoluted in the high resolution O1s XPS scans for (a) to (d), where the 
data is expressed as mean ± SD (n = 5). 
3.2.2.3 High resolution N1s XPS scan of functionalised-MWCNTs 
The XPS survey scan of the CONH-f MWCNTs revealed the presence of nitrogen (2.47 ± 0.08 N1s 
%) in its elemental composition (see Figure 3.9 (e). As a result, high resolution N1s scans were 
completed on both the COOH-f MWCNTs and CONH-f MWCNTs to quantify the presence of 
nitrogen-containing functional groups. Figures 3.12 (a) and (b) highlight the results from these 
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scans, which indicated that the N1s peak for the CONH-f MWCNTs can be deconvoluted into three 
components. These were assigned to the following species: primary amines (C-NH2), secondary 
amines (C-NH-C) and amide groups (N-C=O) at 398.6 eV (10.91 ± 1.20 N1s %), 399.8 eV (60.95 
± 0.04 N1s %) and 401.6 eV (28.14 ± 1.30 N1s %), respectively [Gromov et al., 2012]. This finding 
is in good agreement with the work of Ma et al. (2010) which also confirmed that amine and amide 
functionalities can be effectively attached to the carboxyl groups present in the COOH-f MWCNTs 
by DCC/DMAP carbodiimide coupling.  
 
Figure 3.12: Deconvolution of high resolution N1s X-ray photoelectron spectroscopy (XPS) 
spectra for: (a) COOH-f MWCNTs and (b) CONH-f MWCNTs, where n = 5. 
3.2.2.4 Surface charge measurements 
The poor dispersibility and colloidal stability observed in aqueous solution with the pristine 
MWCNTs is one of the key challenges associated with its use as a sorbent material for the removal 
of radionuclides [Hu et al., 2005]. To overcome this limitation, surface functionalisation can be 
applied to the pristine MWCNTs, as discussed in section 3.1.1. Subsequently, the change in 
dispersibility observed for the functionalised MWCNTs can be monitored by measuring the 
inherent surface charge of the material and calculating the zeta (ζ) potential, as presented in Figure 
3.13 (b). Materials which exhibit high ζ potential values of ± 30 mV tend to avoid undergoing 
aggregation due to the stabilisation afforded to them by electronic repulsion (see Chapter 2, section 
2.2.3) [Schierz and Zanker, 2009]. As a result, functionalised materials are more likely to form 
stable dispersions in aqueous solution. For this study, the zeta potential of a 1 mg mL- 1 aqueous 
dispersion of the pristine and functionalised MWCNTs (at pH 4) were prepared in methanol and 
subsequently measured using a Malvern Zetasizer Nano ZS instrument (see Chapter 2, section 
2.2.3).  
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Figure 3.13: Digital photograph of the MWCNTs: (a) dispersed in methanol (pH adjusted to 
pH 4) and sonicated for 30 mins and left to stand for 3 h; from left to right, 
pristine MWCNTs, acid-treated MWCNTs, OH-f MWCNTs, COOH- f 
MWCNTs and CONH-f MWCNTs. Surface charge data (b) for pristine and 
functionalised MWCNTs, expressed as a plot of zeta (ζ) potential distribution 
(mV) at pH 4. 
The ζ potential for the pristine MWCNTs was found to be -3.1 ± 0.9 mV, which explained the poor 
dispersibility observed in aqueous solution (see Figure 3.13 (a)). This finding supports the high 
resolution C1s XPS measurements attained for pristine MWCNTs (section 3.2.2.2) where it was 
determined that the surface chemistry of the unmodified MWCNTs is primarily comprised of non-
polar C-C/C=C functional groups [Lee et al., 2007]. 
In contrast, high ζ potential values were obtained for the acid-treated MWCNTs, OH-f MWCNTs 
and COOH-f MWCNTs, -36.5 ± 2.4 mV, -20.9 ± 0.6 and -39.6 ± 0.9 mV, respectively, which is 
consistent with previously reported data [Vaisman et al., 2006]. This result suggests that the 
presence of oxygen-containing functional groups on the material surface was effective in improving 
the dispersibility of the MWCNTs in aqueous solution. Furthermore, it was also found that the 
presence of positively charged amine groups at low pH on the surface of CONH-f MWCNTs 
resulted in a positive ζ potential value, +16.2 ± 1.0, being attained [Huang et al., 2013]. 
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3.2.3 Thermogravimetric analysis (TGA)  
TGA is a useful complementary technique to XPS and surface charge analysis, as it can be used to 
monitor the degree of functionalisation and thermal stability achieved onto the MWCNTs. This is 
typically accomplished by heating the functionalised MWCNTs materials (at 10°C/min to 800°C 
under a N2 atmosphere), which leads to the removal of organic moieties present on the surface of 
the MWCNTs framework [Dyke et al., 2003]. Therefore, the total weight loss (%) of the material 
can be determined, as depicted in Figure 3.14. 
 
Figure 3.14: TGA plots of pristine MWCNTs, OH-f MWCNTs, acid-treated MWCNTs, 
COOH-f MWCNTs and CONH-f MWCNTs performed with a 10°C min-1 
ramp rate under a N2 atmosphere with the total weight loss reported as mean ± 
SD, where n = 2.  
The TGA plot of the pristine MWCNTs showed no significant decomposition up to 800°C. In 
contrast, a significant weight loss (%) and decreased thermal stability was observed after each 
functionalisation step applied to the pristine MWCNTs. The TGA plot of the OH-f MWCNTs, 
acid-treated MWCNTs and COOH-f MWCNTs indicates that the thermal decomposition of these 
materials occurs through a three-step process. Initially, minimal loss was observed below 130°C 
due to the removal of water present in the sample. Next, from 140°C to 270°C a second weight loss 
was observed, which is attributed to the degradation of the hydroxyl and carboxyl groups; with a 
loss of 3.4%, 2.9% and 2.5% for the OH-f MWCNTs, acid-treated MWCNTs and COOH-f 
MWCNTs, respectively. This finding is in good agreement with the XPS results discussed in 
section 3.2.2.1. The final thermal degradation step observed was from 350°C to 790°C, which 
originates from the loss of the carbonyl-containing functional groups [Ernould et al., 2015]. As 
such, a sharper weight loss (%) was observed for the COOH-f MWCNTs (11.5%), in comparison 
to the acid-treated MWCNTs (9.4%). 
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The TGA plot collected for the CONH-f MWCNTs also exhibited a three-step thermal 
decomposition process, however, from 140°C to 270°C, an increased loss of 24.2% was observed, 
which was attributed to the greater number of amine and carboxylic groups present in the material. 
Additionally, a weight loss of 5.4% was observed between 520°C and 700°C and was assigned to 
the loss of amine and amide groups [Kim et al., 2012; Shen et al., 2007; Hu et al., 2010]. This 
change was also noted in the TGA plot of CONH-f GO (see Chapter 4, section 4.2.3).  
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Table 3.1: Summary of key characterisation data obtained by statistical Raman mapping (ID/IG), X-ray photoelectron spectroscopy (XPS), surface 
charge (ζ) and thermogravimetric analysis (TGA) for the pristine multi-walled carbon nanotubes (MWCNTs), acid-treated MWCNTs, 
carboxyl functionalised (COOH-f) MWCNTs and amide-functionalised (CONH-f) MWCNTs. Values are reported as mean ± SD, where 
n = number of replicates. 
Samples ID/IG ratio  
(n = 676)  
aAtomic composition determined by XPS / %(n = 5)  bζ / mV 
(n = 3)  
Total TGA 
loss / % (n = 2)  C O  N  C:O  
Pristine MWCNTs  1.12 ± 0.06  98.62 ± 0.30 0.88 ± 0.030  0.02 ± 0.002 112.1 -3.1 ± 0.9  99.9 ± 0.1  
Acid-treated 
MWCNTs  
1.39 ± 0.06  80.6 ± 2.2  17.23 ± 0.95  0.76 ± 0.05  4.7  -36.5 ± 2.4  79.9 ± 0.3  
COOH-f MWCNTs  1.69 ± 0.10  78.48 ± 0.73 18.77 ± 0.36  0.34 ± 0.17  4.2  -39.6 ± 0.9  72.8 ± 0.4  
OH-f MWCNTs  1.36 ± 0.16  90.34± 0.19  7.57 ± 0.040  0.66 ± 0.06  11.9  -20.9 ± 0.6  81.4 ± 1.4  
CONH-f MWCNTs 1.73 ± 0.07 90.05 ± 0.23 7.37 ± 0.18 2.47 ± 0.080 12.2  +16.2 ± 1.0 41.3 ± 0.1 
where COOH-f = carboxyl functionalised, OH-f = hydroxyl functionalised, CONH-f = amide-functionalised. aData for high-resolution C1s, O1s and N1s XPS scans are 
provided in Appendix F.1, b ζ value measured at pH 4.  
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3.3 Results and Discussion for the Uranium Sorption Data 
3.3.1 Uranium sorption studies 
Whilst there are several published studies concerning the use of MWCNTs as environmental 
sorbents for waste treatment, only a oups have explored their potential use for the removal of 
radionuclides (see Chapter 1, section 1.4.2) [Deb, 2011; Upadhyayula et al., 2009; Ren et al., 2011; 
Duran et al., 2009]. Thus, one of the main objectives for this research was to assess the suitability 
of the pristine, carboxyl-functionalised (COOH-f), hydroxyl functionalised (OH-f) and amide 
functionalised (CONH-f) MWCNTs for environmental remediation. This was accomplished by 
investigating the effect of low solution pH (1 – 4), contact time and competing ions (see Chapter 
2, section 2.5.1 for the methodology employed) on the removal of uranium species present in 
aqueous solution (see sections 3.3.1.1 – 3.3.1.2). The optimal conditions for uranium removal were 
evaluated; the maximum sorption capacity (Qmax, mg g
- 1) and the underlying sorption mechanism 
are also discussed (see section 3.3.1.3).  
3.3.1.1 Effect of pH  
Solution pH is an important parameter to monitor in aqueous media as it is known to impact on the 
sorption capability of materials [Chen et al., 1997]. This is mainly due to the pH influencing the 
surface charge of the binding sites present in the sorbent material, in addition to the charge of the 
metal species present in the solution. As a result, initial studies involved determining the uranium 
sorption (%) and distribution co-efficient (Kd) of the pristine MWCNTs as a function of pH 
(Equations 2.5 and 2.6), which are displayed in Figures 3.15 (a) and (b). Overall, it was found that 
the pristine MWCNTs had a low retention for uranium in solution with a maximum distribution 
co-efficient (Kd) of 8.6×10
2 mL g-1 and 40.0 ± 1.2 % sorption observed at neutral pH. These results 
fall below the target value reported by Fryxell et al. (2005) for ‘good’ performing sorbent materials 
(see Chapter 2, section 2.5.1). This finding suggests that the pristine MWCNTs have a relatively 
low affinity for uranium across a wide pH range. Therefore, subsequent studies focused on the 
effect of low solution pH (1 – 4) on the uranium sorption capabilities of the carboxyl-functionalised 
(COOH-f) MWCNTs, hydroxyl functionalised (OH-f) MWCNTs and the amide-functionalised 
(CONH-f) MWCNTs, as shown in Figures 3.15 (c) to (e).  
In contrast to the pristine MWCNTs, it was found that the addition of chemical functionalities onto 
the surface of the MWCNTs led to enhanced uranium removal, which was attributed to the 
increased colloidal stability of the functionalised MWCNTs system (at pH 4). As a result, high 
uranium sorption (%) values of 97.4 ± 1.6, 91.60 ± 0.70 and 96.5 ± 1.1, respectively were observed 
for each material. Furthermore, the COOH-f MWCNTs, OH-f MWCNTs and CONH-f MWCNTs 
displayed much improved Kd values of 3.1×10
4 mL g-1, 7.0×103 mL g- 1 and 2.1×104 mL g- 1, 
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respectively, which all fall within the target Kd limits specified previously for ‘good’ performing 
sorbent materials.  
 
Figure 3.15: Effect of pH on the uranium sorption (%) and distribution co-efficient (Kd) 
observed for the pristine MWCNTs across a wide pH range (1 – 13) and acidic 
pH (a) to (b), COOH-f MWCNTs (c), OH-f MWCNTs (d) and CONH-f 
MWCNTs (e) under acidic pH. (Experimental conditions: initial uranium 
concentration = 10 mg L-1, S/L ratio = 1 g L-1, pH 1 – 4, contact time = 24 h). 
The blue shaded region represents the target Kd limits for ‘good’ and 
‘outstanding’ sorbent materials [Fryxell et al., 2005].  
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The observed increase in sorption performance can be explained by considering both the inherent 
surface charge and the chemical functionalities present in functionalised MWCNTs (section 3.2.2) 
and the uranium species present in the aqueous solution (see Figure 3.16). Typically, uranium exists 
in the form of hexavalent uranium i.e. (U(VI)) in the environment. Therefore, the distribution of 
aqueous U(VI) species was determined by the geochemical software PHREEQC. This requires the 
input of a thermodynamic data base (TDB). As such, the ThermoChimie TDB provided by the 
French National Radioactive Waste Management Agency (ANDRA) was selected as the literature 
source for U(VI) speciation calculations. For this study, a solution containing a total uranium 
concentration of 10 mg L-1 equilibrated in atmospheric CO2 (pCO2: 10
-3.5 bar) was simulated and 
plotted by using the Phreeplot© software [Giffaut et al., 2014].  
 
Figure 3.16: Aqueous speciation plot of hexavalent uranium (U(VI)) as a function of pH 
plotted using Phreeplot© with the PHREEQC geochemical software and the 
ThermoChimie thermodynamic database v9 (Input parameters for 
PHREEQC: U(VI) concentration = 10 mg L-1, temperature = 25oC, pCO2 = 10
-
3.5 bar) [Parkhurst and Appelo, 2013; Giffaut et al., 2014].  
It can be seen that at low pH, the most predominant U(VI) species present in solution are in the form 
of positively charged uranyl (UO2
2+) species, which compete with hydroxonium ions (H3O
+) for 
sorption onto the surface of the functionalised MWCNTs [Yu et al., 2014]. As the solution pH is 
increased, hydrolysed forms of U(VI) species were observed e.g. UO2(OH)
+, (UO2)3(OH)5
+ and 
(UO2)2OH2
2+. The presence of these species led to an increased removal of U(VI) species due to 
improved interactions between the positively charged U(VI) species and the stable colloidal 
suspension formed of the functionalised MWCNTs [Fasfous and Dawoud, 2012]. In contrast, once 
the solution pH nears pH 8– 10, stable and negatively charged U(VI) carbonate complexes, such as, 
(UO2)2(CO3)(OH)3
-, UO2(CO3)2
2- and UO2(CO3)3
4- were identified. The presence of these particular 
species have been reported to lead to a decrease in U(VI) removal by sorbent materials. Therefore, 
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for the ensuing studies, an optimum pH level of 4 was selected to study the effect of contact time, 
competing ions and uranium concentration [Morsy and Ali, 2017; Murphy et al., 1999]. 
3.3.1.2 Effect of contact time and competing ions 
The removal of uranium as a function of sorption kinetics was investigated by varying the contact 
time (5 to 140 min) of the pristine and functionalised MWCNTs in aqueous solution. Figure 3.17 
(a) reveals a slow uranium sorption process for the pristine MWCNTs with 13.90 ± 0.80 % removed 
after 5 min, and once the sorption equilibrium was reached, 19.7 ± 1.1 %. On the contrary, the 
functionalised MWCNTs displayed much improved sorption rates for uranium within the same 
time interval which was attributed to the increased availability of chemical functionalities present 
on the surface of the material. Figures 3.17 (b) to (d) highlights this well and illustrates that the 
COOH- f MWCNTs, OH-f MWCNTs and CONH-f MWCNTs all showed much more rapid 
sorption kinetics for uranium with 93.8 ± 3.3 %, 74.8 ± 0.9 % and 91.8 ± 2.5 % removed, 
respectively, after 140 min.  
 
Figure 3.17: Effect of contact time on uranium sorption (%) onto: (a) the pristine MWCNTs, 
(b) the COOH-f MWCNTs, (c) the OH-f MWCNTs and (d) the CONH-f 
MWCNTs. (Experimental conditions: initial uranium concentration = 10 mg 
L- 1, S/L ratio = 1 g L-1, pH 4, contact time = 5 – 140 min).  
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One of the main challenges associated with the use of the pristine MWCNTs for environmental 
remediation is the low sorption selectivity observed towards target metal species of interest 
[Khamirchi et al., 2018]. However, as discussed in Chapter 1, this limitation can be prevented by 
introducing surface functional groups onto the sorbent material. Therefore, for this work sorption 
experiments were performed to evaluate the effect of competing ions (Mg, Co, Zn, Sr, Pb and Th) 
on the uranium removal efficiency of both the pristine and functionalised MWCNTs, which is 
presented in Figure 3.18 (a).  
 
Figure 3.18: (a) The sorption (%) of U over Mg, Co, Zn, Sr, Pb and Th onto the pristine 
MWCNTs, COOH-f MWCNTs, OH-f MWCNTs and CONH-f MWCNTs. (b) 
The variation of the distribution coefficient (Kd) values for uranium observed 
due to the presence of competing ions. (Experimental conditions: uranium 
concentration = 50 μg L-1, S/L ratio = 1 g L-1, pH 4, contact time = 24 h). The 
blue shaded region represents the target Kd limits for ‘good’ and ‘outstanding’ 
sorbent materials [Fryxell et al., 2005].  
The results showed that each of the sorbent materials studied previously in section 3.3.1.1 exhibit 
poor selectivity towards uranium with a significantly reduced sorption (%) observed. The best 
performing sorbent material, COOH-f MWCNTs, retained 12.6 ± 1.0 % of uranium in the multi-
component system in comparison to the 97.4 ± 1.6% observed in the single-component system. As 
a result, the low uranium sorption % observed was believed to be influenced greatly by the 
increased sorption identified for Pb (67.4 ± 1.0 %) and Th (95.9 ± 2.1 %) species, which were more 
effectively retained by COOH-f MWCNTs. Overall, this suggests that even after chemical 
functionalisation, MWCNTs are not suitable for use as environmental sorbent materials for 
uranium removal, specifically in complex matrix solutions [Lu et al., 2017]. Figure 3.18 (b) also 
supports this finding, which showed that the corresponding Kd obtained for the pristine MWCNTs 
and the functionalised MWCNTs were considerably reduced in the presence of competing ions. 
Thus, further demonstrating the low affinity observed for uranium species under these optimal 
experimental conditions. 
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Table 3.2: Summary of sorption (%) and distribution co-efficient (Kd) data obtained by inductively coupled plasma mass spectrometry (ICP-MS) for 
pristine multi-walled carbon nanotubes (MWCNTs), acid-treated MWCNTs, carboxyl functionalised (COOH-f) MWCNTs and amide-
functionalised (CONH-f) MWCNTs. Values are reported as mean ± SD, where n= 3.  
Samples Uranium-pH study  Contact time study  Multi-element standard (MES) study 
Sorption / % Kd / mL g-1) Sorption / % Sorption / % Kd / mL g-1) 
Pristine MWCNTs  +40.0 ± 1.2 +8.6×102 19.7 ± 1.1 3.4 ± 0.2 3.8×101 
COOH-f MWCNTs 97.4 ± 1.6 3.1×104 93.8 ± 3.3 12.6 ± 1.0 1.4×102 
OH-f MWCNTs  91.60 ± 0.70 7.0×103 74.8 ± 0.9 6.5 ± 0.7 6.0×101 
CONH-f MWCNTs 96.5 ± 1.1 2.1×104 91.8 ± 2.5 3.1 ± 0.1 4.5×101 
*see section 3.3.1.1 and 3.3.1.2 for experimental conditions used for each study. +value attained under neutral pH. 
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3.3.1.3 Sorption isotherm plots of the functionalised MWCNTs  
Sorption isotherm plots for the pristine and functionalised MWCNTs were analysed to determine 
their maximum sorption capacity (Qmax, mg g
-1) towards uranium, which is shown in Figure 3.19. 
Moreover, the influence of surface functionalities, such as carboxyl groups, on the rate of uranium 
sorption was also investigated. Overall, an increase in the uranium sorption rate was observed for 
the pristine MWCNTs, which led to an initial sorption capacity of 4.8 mg g-1 being determined. 
However, once the uranium concentration (Ce) of the solution reached between 9.3 – 45.2 mg L
-1, 
it was found that the sorption capacity plateaued indicating that the sorbent material reached its 
saturation point. In contrast, for the COOH-f MWCNTS a greater sorption capacity of 38.1 – 34.1 
mg g-1was determined within the same concentration range.  
 
Figure 3.19: Uranium sorption isotherm plot for the pristine MWCNTs and COOH-f 
MWCNTs. (Experimental conditions: initial uranium concentration (Ci) = 0.1 
– 60 mg L-1, S/L ratio = 1 g L-1, pH 4, contact time = 24 h).  
Next, both Langmuir and Freundlich isotherm models (see Chapter 2, section 2.5.2 for 
experimental methodology) were employed to fit the experimental data displayed in Figure 3.19 
[Yan et al., 2017; Deb et al., 2011]. The plots obtained from both isotherm models are depicted in 
Figure 3.20 for the pristine MWCNTs and Figure 3.21 for the COOH-f MWCNTs. Furthermore, 
Table 3.3 summarises the isotherm model parameters attained for both materials, respectively, 
which showed that the correlation coefficient (R2) of the Langmuir isotherm plot (0.9916 and 
0.9987) were higher than those calculated for the Freundlich isotherm plot (0.8318 and 0.9472). As 
a result, it was found that the Langmuir isotherm model was better suited in describing the sorption 
process between uranium and the MWCNTs. Overall, this finding further confirms that sorption 
occurs through the formation of a homogenous monolayer of uranium onto the surface active sites 
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present on both the pristine MWCNTs and the COOH-f MWCNTs, respectively [Aytas et al., 2004; 
Abdeen and Akl, 2015].  
The Langmuir isotherm plots collected for the pristine MWCNTs and COOH-f MWCNTs also 
revealed that the maximum sorption capacity (Qmax) for both materials were 11.88 mg g
-1 and 34.01 
mg g-1, respectively. This result is consistent with those reported previously for the pristine 
MWCNTs [Fasfous and Dawoud, 2012]. The calculated Qmax values highlight that the introduction 
of chelating binding sites, such as, carboxyl groups, onto the surface of the pristine MWCNTs can 
led to enhanced uranium loading [Choi et al., 2000]. 
 
Figure 3.20: (a) The Langmuir and (b) Freundlich isotherm plots for the removal of uranium 
by the pristine MWCNTs. (Experimental conditions: initial uranium 
concentration (Ci) = 0.1 – 60 mg L
-1, S/L ratio = 1 g L-1, pH 4, contact time = 24 
h).  
 
Figure 3.21: (a) The Langmuir and (b) Freundlich isotherm plots for the removal of uranium 
by the COOH-f MWCNTs. (Experimental conditions: initial uranium 
concentration (Ci) = 0.1 – 60 mg L
-1, S/L ratio = 1 g L-1, pH 4, contact time = 
24 h). 
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In addition, it was found that the RL values (see Equation 2.10) varied from 0.14 to 0.98 for the 
pristine MWCNTs and 0.002 to 0.35 for the COOH-f MWCNTs, which further validated the 
beneficial effect surface chemical functionalisation had in enhancing the uranium sorption process 
for the MWCNTs.  
Table 3.3: Summary of the Langmuir and Freundlich isotherm model parameters attained 
for uranium sorption onto the pristine MWCNTS and COOH-f MWCNTs. 
where Qmax = maximum sorption capacity, KL = Langmuir constant, KF = Freundlich constant and n = sorption 
intensity.  
3.4 Summary  
The research presented in this chapter evaluated the potential use of functionalised multi-walled 
carbon nanotubes (MWCNTs) for the removal of radionuclides in aqueous solution, namely 
uranium. Previous research in this area has focused primarily on the use of unmodified forms 
(pristine) of MWCNTs for uranium removal (see Chapter 1, section 1.4.2). As a result, one of the 
main objectives for this present study was to assess the effect of various surface functionalities, 
such as carboxyl (COOH), hydroxyl (OH) and amide (CONH) groups, have on the uranium 
sorption capability of MWCNTs. Overall, it was found that the synthesis procedure applied to each 
material (section 3.1) enabled the selected chemical functionalities of interest to be successfully 
grafted onto the MWCNTs surface. This was confirmed by structural characterisation techniques 
(i.e. statistical Raman mapping) and surface analysis techniques (i.e. X-ray photoelectron 
spectroscopy (XPS)). The former technique involved analysing and monitoring the ratio of the 
Raman D and G bands (ID/IG), which is a useful parameter that provides an estimate of the defect 
densities present in the material (section 3.2.1.3). Overall, it was found that the ID/IG ratio increased 
from 1.12 ± 0.06 for the pristine MWCNTs to 1.69 ± 0.10 for the COOH-f MWCNTs. Furthermore, 
high resolution C1s, O1s and N1s XPS scans (sections 3.2.2.2 - 3.2.2.4) confirmed the presence of 
carboxyl, hydroxyl, amide and amine species on the surface of each respective functionalised 
MWCNT material. 
The sorption performance, i.e. the sorption (%) and the distribution co-efficient (Kd, mL g
-1) of 
each functionalised MWCNTs (section 3.3), was determined by inductively coupled plasma mass 
 Langmuir model Freundlich model 
Sample  Qmax / mg g-1 KL / L mg-1 R2 KF / L mg-1 n R2 
Pristine MWCNTs  11.88 0.11 0.9916 2.64 2.3
7 
0.831
8 
COOH-f MWCNTs  34.01 11.76 0.9987 14.61 3.4
1 
0.947
2 
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spectrometry (ICP–MS). In general, the results showed that the carboxyl-functionalised (COOH-f) 
MWCNTs were the most effective in removing uranium from aqueous solution with a Kd of 
3.1×104 mL g-1 (section 3.3.1.1), and 93.8 ± 3.3 % sorption observed (under 140 min at an optimum 
pH of 4) (section 3.3.1.2). However, it was also observed that the COOH-f MWCNTs showed 
minimal selectivity towards uranium in the presence of competing ions (Mg, Co, Zn, Sr, Pb and 
Th) in the solution. Next, the COOH-f MWCNTs were selected for sorption isotherm studies 
(section 3.3.1.3) to enable the binding mechanism towards uranyl species (UO2
2+) to be better 
understood. This was accomplished by applying two commonly used sorption isotherm models, 
namely, the Langmuir and Freundlich models, to the pristine and COOH- f MWCNTs. This was 
done to determine the effect varying the uranium concentration (Ci) from 0.1 to 60 mg L
-1 had on 
the maximum sorption capacity (Qmax, mg g
-1). Overall, it was found that the Langmuir isotherm 
model displayed a better fit of the experimental sorption data (R2 > 0.9987) than the Freundlich 
isotherm model (R2 > 0.9472). Additionally, the Qmax value obtained for COOH-f MWCNTs (34.01 
mg g-1), was higher than that calculated for the pristine MWCNTs (11.88 mg g- 1). The values 
observed for the separation factor (RL) also confirmed that the sorption process became 
progressively favourable with the use of the COOH-f MWCNTs. 
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4.0 Introduction  
The principal objective of this study was to synthesise graphene oxide (GO)-modified materials 
which were designed to show a high affinity towards long-lived actinides, in particular uranium 
(U(VI)). In the previous chapter (Chapter 3), it was determined that multi-walled carbon nanotubes 
(MWCNT)-modified materials showed minimal selectivity towards uranium specifically in the 
presence of competing ions (Mg, Co, Zn, Sr, Pb and Th). However, recent studies have 
demonstrated that graphene based materials (GBMs), in particular GO, display exceptional 
selectivity towards long-lived actinides in comparison to traditional sorbent materials (see Figure 
4.1 (a)) [Romanchuk et al., 2013; Wu et al., 2014; Wang et al., 2011; Xie et al., 2016]. The 
increased sorption efficiency observed with GO was mainly attributed to the material’s favourable 
surface properties (see Figure 4.1 (b) for material morphology). This includes an extremely high 
surface area in addition to the presence of an increased abundance of surface chemical 
functionalities [Jasim et al., 2016]. 
The most cited structural model for GO is the Lerf-Klinowski model, which relies on solid-state 
13C nuclear magnetic resonance spectroscopy (SS-NMR) for the determination of surface 
functionalities present in GO (see the inset of Figure 4.1). Overall, the model suggests that GO 
consists of a single-layered sheet of aromatic (sp2-hybridised domains) of graphene with a number 
of epoxy (C-O-C) and hydroxyl (O-H) groups located across the basal plane and carboxyl (COOH) 
groups attached to the edge tips [Dreyer et al., 2010; Lerf et al., 1998; Cai et al., 2008]. 
 
Figure 4.1: (a) Uranium sorption performance of graphene oxide (GO) versus traditional 
sorbent materials in the presence of a simulated aqueous nuclear waste 
solutions. Inset is the chemical structure of GO proposed by the Lerf-Klinowski 
model. Figure reprinted and adapted with permission from [Romanchuk et al., 
2013]. (b) Transmission emission microscopy (TEM) image (b) published by 
Jasim et al., (2016) for GO nanosheets, which were prepared by applying the 
modified Hummer’s method to natural graphite flakes. Figure reprinted with 
permission from [Jasim et al., 2016]. 
(b)(a)
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Most studies have focused on the use of covalent chemical functionalisation, namely amidation 
(see Chapter 3, section 3.0) as a synthesis route for highly functionalised GO [Lonkar et al., 2015; 
Wang et al., 2011; Sherlala et al., 2018]. For instance, Shen et al. (2010) demonstrated that the 
macromolecule bovine serum albumin (BSA) can be attached to the surface of GO [Shen et al., 
2010]. This was achieved by applying the 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) 
hydrochloride/N-hydroxysulphosuccinimide (EDC.HCl/s-NHS) activated coupling protocol to the 
COOH groups present in GO (see inset of Figure 4.1) and the amino acid residues present in BSA.  
Figure 4.2 (a) outlines the reaction scheme followed during EDC.HCl/s-NHS activated coupling, 
which initially involves preparing the water-soluble coupling agent EDC.HCl in 50 mM of 2-(N-
morpholino)ethanesulphonic acid (MES) buffer solution and conjugating the surface of GO by 
activating the COOH groups present in the nanomaterial [Hermansson et al., 2013]. This results in 
the formation of an unstable ester intermediate, which can be further stabilised by the coupling 
agent s-NHS. This results in a semi-stable amine reactive NHS ester suitable for coupling with 
amine-terminated species, e.g. BSA, to form amide (CONH-f) GO. Recently, Yang et al. (2016) 
used this coupling protocol to investigate the uranium removal capabilities of BSA-f GO and 
observed that the amine (NH2) groups present in BSA were capable of selective sorption of uranyl 
(UO2
2+) species via inner-sphere surface complexation (see Figure 4.2 (b)) [Yang et al., 2016]. The 
group also reported an increased uranium sorption capacity (Qe) of 389 mg g
−1 within 80 min for 
BSA-f GO in comparison to GO (see Chapter 1, section 1.4.1). 
 
Figure 4.2: Schematic of: (a) the 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) 
hydrochloride/N-hydroxysulphosuccinimide (EDC.HCl/s-NHS) coupling 
protocol typically followed to synthesise amide-functionalised graphene 
oxide (CONH- f GO) [Hermansson et al., 2013]. (b) The observed surface 
interactions between bovine serum albumin-functionalised graphene oxide 
(BSA-f GO) and uranyl (UO2
2+) species. Figure reprinted with permission 
from [Yang et al., 2016].  
50 
(b)(a)
50 mM MES buffer 
Carboxyl-functionalised 
(COOH-f) GO
EDC.HCl (0.05 mmol)
Unstable O-acylisourea
Amide-functionalised 
(CONH-f) GO
Amine-terminated species
DMF
Semi-stable amine reactive
NHS ester
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Overall, such studies illustrate the need for additional investigations into the effect of increasing 
the abundance of selective surface complexing groups, such as COOH or NH2 groups, on the 
selective sorption of UO2
2+ species. As such, the initial objective for this study involved 
synthesising GO from graphite, carboxyl-functionalised (COOH-f) GO and amide-functionalised 
(CONH-f) GO via the Hummer’s method, chloroacetic acid/NaOH treatment and EDC.HCl/s-NHS 
coupling, respectively (see section 4.1). Next, a series of structural, surface analysis and thermal 
techniques (see sections 4.2.1, 4.2.2 and 4.2.3) were applied to each of the synthesised sorbent 
materials for material characterisation, as discussed previously in Chapter 3 for MWCNTs. 
Furthermore, the sorption behaviour of functionalised-GO materials were investigated and 
compared to GO and graphite, in the form of batch sorption studies, which included studying the 
effect of solution pH, contact time and competing ions (sections 4.3.1.1 – 4.3.1.2) with each 
collected aliquot analysed using inductively coupled plasma mass spectrometry (ICP-MS) analysis.  
4.1 Materials and Methodology 
4.1.1 List of chemicals and reagents 
Described herein are the synthesis steps followed to prepare graphene oxide (GO), carboxyl-
functionalised (COOH-f) GO and amide-functionalised (CONH-f) GO. As-received natural 
graphite powder (< 45 μm, grade 230) was purchased from Asbury Carbons Ltd, (New Jersey, 
USA) and was used as the starting material to prepare graphene oxide (GO). A commercial source 
of graphene oxide (GO) was purchased from Graphenea, San Sebastian, Spain for material 
homogeneity studies (see Appendix B). All reagents and solvents used for this work were 
purchased from Sigma Aldrich (Poole, UK) and used as received: sulphuric acid (H2SO4), sodium 
nitrate (NaNO3), potassium permanganate (KMnO4), hydrogen peroxide (H2O2), hydrochloric acid 
(HCl), chloroacetic acid (ClCH2COOH), sodium hydroxide (NaOH), hydrochloric acid (HCl), 
ethylenediamine (EDA), o-phenylenediamine (o-PDA), 4’ amino dibenzo-18 crown ether 6 (NH2 
DB18CE6), N, N-dimethyl formamide (DMF), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
hydrochloride (EDC.HCl), 2-(N-morpholino)1ethanesulphonic acid (MES), N-
hydroxysulphosuccinimide (s-NHS), double deionised water (DDW, 18.2 M.Ω.cm) was obtained 
from a Milli-Q® system (Merck, Watford, UK). 
4.1.2 Synthesis of graphene oxide (GO) 
GO was synthesised from natural graphite according to the modified Hummers method as depicted 
in Figure 4.3 [Hummers et al., 1958; Jasim et al., 2016; Li et al., 2008]. Briefly, 1.00 ± 0.10 g of 
graphite powder was added to a beaker (250 mL) with H2SO4 (98 %, 120 mL) and 0.50 ± 0.01 g of 
NaNO3 added, which was continuously stirred on a magnetic hot plate at 300 rpm for 1 h and cooled 
to 20°C using a water bath. Next, 6.0 ± 0.1 g of KMnO4 (99 %) was slowly added and the resulting 
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mixture was left to stir overnight at 35°C. Lastly, the resulting mixture and a solution of H2O2 
(35%, 10 mL) were slowly added into a beaker (400 mL) filled with ice resulting in a bright yellow 
precipitate being formed. For work-up, the remaining precipitate was collected, diluted with 0.5 M 
HCl solution (99 %, 500 mL) and purified by repeated washing DDW and centrifugation at 4000 
rpm for 20 min (Sigma 3K, Shropshire, UK) until the pH of the supernatant was neutral.  
To achieve layered sheets of GO, a series of ultrasonication treatments with an ultrasonic bath 
(Branson 2510EMT, Slough, UK) were completed for 1 h and the resulting product was lyophilised 
in a freeze dryer (Alpha 1-2 LD Plus Martin Christ, Osterode am Harz, Germany) for 3 days. 
 
Figure 4.3: Preparation steps followed for graphene oxide (GO) production from graphite 
(Hummer’s method). Each highlighted step showcases the purification 
procedure followed to produce layered GO sheets. 
For this work, a commercial source of GO was also purchased from Graphenea (San Sebastian, 
Spain), which was synthesised according to the manufacturer by the modified Hummer’s method 
(see Appendix B. for material specifications) [Amadei et al., 2018]. The material was used as a 
standard reference material to enable for a comparison to be made to the lab-produced GO as 
described in Figure 4.3. The aim of this was to assess any variance in material homogeneity by 
employing statistical Raman surface mapping [Wróblewska et al., 2017]. The data from these 
analyses can be found in sections 4.2.1.3 and 4.2.1.4. 
4.1.3 Synthesis of carboxyl-functionalised graphene oxide (COOH-f GO) 
COOH-f GO was synthesised by reducing the hydroxyl groups present in GO to carboxyl groups 
[Yu et al., 2015, Sun et al., 2008]. In a typical procedure, 0.050 ± 0.001 g of GO in 50 mL of DDW 
was placed into a beaker (100 mL) and sonicated for 30 min. Next, 1.20 ± 0.10 g of chloroacetic 
H2SO4, NaNO3, KMnO4, H2O2
Graphite powder
Modified Hummers’ method 
Graphite oxide
20 min until neutral pH is reached
Graphene oxide - gel
Purification by centrifugation at 4000 rpm,
Graphene oxide
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acid (99 %) and 1.00 ± 0.10 g of NaOH (99 %) were added to the GO solution and sonicated for 3 
h. The resulting black COOH-f GO mixture was then neutralised with 0.5M HCl solution (99 %) 
and purified by repeated washing with DDW and centrifugation at 2000 rpm for 10 min (Sigma 
3K, Shropshire, UK). Finally, the resulting product was lyophilised in a freeze dryer (Alpha 1-2 
LD Plus Martin Christ, Osterode am Harz, Germany) for 3 days. 
4.1.4 Synthesis of amide-functionalised graphene oxide (CONH-f GO)  
EDA, o-PDA and NH2 DB18CE6 ligands (see Appendix D, Figure AD.1 for FTIR spectra) were 
attached to the surface of COOH-f GO by applying a two-step EDC.HCl/s-NHS activated coupling 
protocol, as described previously in section 4.0 (see Figure 4.2 a) to produce CONH-f GO [Shen et 
al., 2010; Hermansson et al., 2013]. In the first step, 0.010 ± 0.001 g of COOH-f GO in 10 mL of 
DDW was placed into a 20 mL glass vial and dispersed via ultrasonication for 1 h. Subsequently, 
1 ml of s-NHS solution (0.05 ± 0.001 g, 0.43 mmol) and 1 mL of EDC.HCl solution (0.010 ± 
0.001g, 0.05 mmol) solution were prepared in a MES buffer solution (50mM, pH 6.00 ± 0.01), 
which was added to the COOH-f GO suspension and left to stir for 30 min. The resulting suspension 
was then repeatedly centrifuged at 4000 rpm for 30 min and rinsed thoroughly with MES buffer 
solution to remove any excess reactants.  
Next, the collected solid was re-dispersed in 5 mL of the MES buffer solution. The, 1 mL of the 
amine species selected for amidation was prepared in DMF and added to the activated suspension, 
e.g. EDA (0.015 mol), and was placed onto an orbital shaker (Cole-Parmer Instrument & Co., St 
Neots, UK) at 200 rpm for 24 h. The functionalised suspension was then centrifuged and washed 
with the MES buffer solution to remove any unbound reactants. Lastly, the collected solid was 
repeatedly washed with DDW, methanol and ethanol and subsequently was vacuum dried overnight 
at 60°C. This procedure was then repeated with o-PDA (0.0093 mol) and NH2 DB18CE6 (0.0031 
mol).   
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Figure 4.4: The proposed chemical structures of: (a) graphite, (b) GO, (c) carboxyl-
functionalised (COOH-f) GO, (d) ethylenediamine-functionalised (EDA-f) 
GO, (e) o-phenylenediamine functionalised (o-PDA-f) GO, and (f) 4’ 
amino dibenzo 18 crown ether 6-f (NH2 DB18CE6-f) GO. [Ruoff et al., 
2009].   
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4.1.5 Analysis of aqueous nuclear waste sample 
A 200 mL sample was acquired from Sellafield Ltd, Cumbria, UK (high salinity aqueous waste 
sample). Four aliquots (~ 0.125 mL) were collected from the sample and were diluted up to 1.2 mL 
with pH-adjusted (1 to 4) carrier solutions using 0.01 M – 1.00 M solutions of HNO3. Initially, an 
aliquot of the sample was collected to determine the elemental composition of the solution. 
Subsequent studies were then completed to determine the sorption performance of functionalised 
GO sorbent materials, following the methodology outlined in Chapter 2, section 2.5.1. The results 
from this study can be found in section 4.3.1.4. Table 4.1 summarises the elemental concentrations 
of the sample determined by inductively coupled plasma mass spectrometry (ICP-MS). 
Table 4.1: Elemental concentration (μg L-1) of the sample acquired from Sellafield Ltd, 
Cumbria, UK determined by inductively coupled plasma mass spectrometry 
(ICP-MS) (Agilent 8800, Agilent Technologies, UK). 
 
4.1.6 Desorption and reusability studies 
Desorption studies were completed to assess the reusability of the best-performing sorbent material 
(see Chapter 4, section 4.3.1.5) [Wang et al., 2017]. Initial studies were first completed to determine 
the best acid diluent for desorption. This involved preparing pH-adjusted suspensions (see Chapter 
2, Figure 2.8) as before, but with three different acid diluents added (0.1 M, 4.5 M or 9 M HCl). 
After equilibrium was reached (1 h), a 1 mL aliquot was collected and the chemical recovery (%) 
after elution was determined for the sample (see Equation 1.1). The most suitable acid diluent 
which gave the highest chemical recovery was then selected for reusability studies with five cycles 
of sorption-desorption experiments completed.  
Elemental concentration / μg L-1 Mg Cr Fe Sr Pb Th U 
0.018 0.0062 0.12 0.0063 0.0051 0.0076 0.0060 
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4.2 Results and Discussion for the Characterisation Data 
4.2.1 Structural analysis 
Graphene oxide (GO) has been identified as an efficient, rapid and selective sorbent material for 
the removal of radionuclides present in aqueous solution. As a result, the goal for this particular 
study was to tailor the structural properties of GO by chemical functionalisation to enable an 
increase in the sorption performance and selectivity for radionuclides to be achieved. The following 
sections will outline the structural data collected for this study. The morphology of graphite, GO, 
functionalised-GO materials are discussed in section 4.2.1.1. Furthermore, the various surface 
functionalities introduced to GO, such as, carboxyl (COOH), amide (CONH) and amine (NH2) 
groups were studied by both Fourier transform infrared spectroscopy (FTIR) and statistical Raman 
mapping (sections 4.1.2 and 4.1.3) following the procedure outlined in sections 2.1.1 and 2.1.3. 
4.2.1.1 Field emission-scanning electron microscopy (FE-SEM)  
Figure 4.5 (a) shows the field emission-scanning electron microscope (FE-SEM) image of pristine 
graphite, which indicates that the material is comprised of stacked graphite flakes [Ong and Yang, 
2010]. Figure 4.5 (b) shows a top-view FE-SEM image of a thin-film of GO, which illustrates that 
the surface morphology consists of a porous sponge-like structure. Figure 4.6 reveals the FE-SEM 
images obtained for exfoliated sheets of GO, COOH-f GO and EDA-f GO, indicating that the 
morphology of GO and functionalised GO consists of randomly aggregated, thin wrinkled sheets, 
which were closely associated with each other [Stankovich et al., 2007; Chen et al, 2015]. This 
significantly differs from the morphology initially observed for graphite flakes shown in Figure 
4.5 (a). 
 
Figure 4.5: Field emission scanning electron microscopy (FE-SEM) images of: (a) graphite 
and (b) a thin-film membrane (top-view) of GO.  
20 μm10 μm
(a) (b)
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Figure 4.6: Field emission scanning electron microscopy (FE-SEM) images of: (a) GO 
sheets at low-magnification (x5000), (b) at high-magnification (x42000), (c) 
COOH-f GO sheets and (d) EDA-f GO sheets, dispersed on a Si/SiO2 wafer. 
4.2.1.2 Fourier transform infrared spectroscopy (FTIR)  
FTIR was used to identify key surface functional groups present in graphite, GO, COOH-f GO and 
EDA-f GO, which are depicted in Figure 4.7. No significant characteristic infrared absorption peaks 
were identified in the FTIR plot collected for graphite. However, GO was found to exhibit 
characteristic absorption peaks at 3407.3 cm-1 due to O-H stretching. Moreover, C=O stretches and 
C-O-C stretches were found at the following adsorption bands, 1733.2 cm-1 and 1027.8 cm-1, 
respectively [Marcano et al., 2010].  
Further treatment of GO with chloroacetic acid (section 4.1.3) led to the introduction of a new 
COOH adsorption band at 1644.8 cm-1 [Imani et al., 2015]. The discovery of this new adsorption 
band in conjunction with an enhanced OH absorption peak at 3320.3  cm-1 demonstrates the 
successful introduction of a greater abundance of COOH groups to the surface of graphene oxide 
to produce COOH-f GO. X-ray photoelectron spectroscopy (XPS) analysis of COOH-f GO also 
confirmed this finding, which is discussed further in section 4.2.2.1. In contrast, the FTIR spectrum 
obtained for EDA-f GO, o-PDA-f GO and NH2 DB18CE6-f GO revealed the presence of a new 
peak at about ~1660 – 1675 cm-1 corresponding to the presence of an amide carbonyl group due to 
a C=O stretch. In addition, a peak at ~1540 – 1580 cm-1 were identified and assigned for an NH 
vibrational bending, indicating a decrease in the presence of oxygen-containing functional groups, 
(b) 
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which has been previously reported by Caliman et al. (2018). Furthermore, another important 
observation from the FTIR spectrum of CONH-f GO was the absence of the –OH bend seen 
previously at 1410.4 cm-1 for COOH-f GO, which further confirms the effective attachment of an 
amine-functionalised species to COOH-f GO [Caliman et al., 2018; Samadaei et al., 2015]. 
 
Figure 4.7: Key surface functionalities identified onto graphite, GO, COOH-f GO, EDA- f 
GO, o-PDA-f GO and NH2 DB18CE6-f GO samples by Fourier transform 
infrared spectroscopy (FTIR), where n = 64.  
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4.2.1.3 Raman spectroscopy 
Further confirmation of the effective chemical functionalisation of GO was determined by Raman 
spectroscopy measurements. Figure 4.8 (a) displays the Raman spectrum collected for bulk 
graphite, which was first discussed in detail in Chapter 2, section 2.1.3. Figure 4.8 (b) to (d) 
highlights the averaged Raman spectra obtained for lab-produced GO, commercial GO (see section 
4.1.1) and COOH-f GO, which showed the presence of four characteristic Raman bands, D, G, 2D 
and D+G bands, typically associated with aromatic hydrocarbon materials (see section 2.1.3) 
[Kaniyoor and Ramanprabhu, 2012].  
 
Figure 4.8: Averaged Raman spectra of: (a) graphite, (b) lab-produced GO, (c) 
commercially-sourced GO, and (d) COOH-f GO measured at λ = 532 nm with 
the D, G, D+D, 2D and D+G bands highlighted. Each spectrum was plotted as 
the average of three independent measurements. 
Furthermore, Figure 4.9 (a) to (c) illustrates the averaged Raman spectra collected for CONH-f GO 
materials. Each Raman spectra collected for GO and functionalised GO revealed an intense signal 
for the D band at ~ 1351 – 1355 cm-1 plus a strong signal for the G band at ~ 1584 – 1586 cm-1, 
respectively. Additionally, each spectrum showed an increased Raman shift (cm-1) in both the D 
and G band position in comparison to bulk graphite [Kudin et al., 2008]. This change was attributed 
to the increased number of structural defect sites present in functionalised GO, which was further 
confirmed by completing statistical Raman mapping studies and is discussed in the next section of 
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this chapter. A detailed summary of all of the Lorentzian peak-fitting parameters observed from 
each Raman spectra can be found in Appendix E (see Table AE.2). 
 
Figure 4.9: Averaged Raman spectra of: (a) EDA-f GO, (b) o-PDA-f GO, and (c) 
NH2 DB18CE6- f GO measured at λ = 532 nm with the D, G, D+D, 2D and 
D+G bands highlighted. Each spectrum was plotted as the average of three 
independent measurements. 
4.2.1.4 Statistical Raman mapping  
The increase in the D band signal observed from the averaged Raman spectra collected for GO, 
COOH-f GO, EDA-f GO, o-PDA-f GO and NH2 DB18CE6-f GO indicates that the number of in-
plane sp2 domains, typically present in graphite, have reduced in size. One possible explanation for 
this decrease could be that the sp2 domains were successfully transformed into structural defect 
sites suitable for the attachment of sp3-carbon functional groups [Zhi et al., 2015; Pimenta et al., 
2007]. This was previously demonstrated in the FTIR spectra (see Figure 4.7) collected for 
functionalised GO. The intensity ratio between the D and G bands (ID/IG) were also evaluated by 
statistical Raman mapping (see Figures 4.10 and 4.11) to monitor the degree of disorder i.e. defect 
sites introduced to the samples following chemical functionalisation [Cançado et al., 2011; Ni et 
al., 2008]. 
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Figure 4.10: The statistical Raman map (30μm x 30μm) of D-to-G band peak intensity ratio 
(ID/IG) for: (a) graphite, (b) lab-produced GO, (c) commercially-sourced GO, 
and (d) COOH-f GO, with the corresponding ID/IG histogram. Values are 
expressed as mean ± SD (n = 676).  
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Figure 4.11: The statistical Raman map (30μm x 30μm) of: (a) D-to-G band peak intensity 
ratio (ID/IG) for EDA-f GO, (b) o-PDA-f GO, (c) NH2 DB18CE6-f GO, with 
the corresponding ID/IG histogram. Values are expressed as mean ± SD (n = 
676). 
The corresponding ID/IG ratios also support this finding with the value increasing from 0.11 ± 0.09 
for graphite to 0.94 ± 0.03, 0.995 ± 0.061 and 0.98 ± 0.05 for lab-produced GO, commercial GO 
and COOH-f GO, respectively. Moreover, for EDA-f GO, o-PDA-f GO and NH2-DB18CE6-f GO, 
the ID/IG ratio increased to 1.082 ± 0.082, 1.084 ± 0.041 and 1.06 ± 0.03, respectively. These results 
confirm the effective covalent grafting of new surface chemical functional groups, such as 
carboxyls and amines, onto the surface of GO, respectively [Ni et al., 2018]. Additionally, surface 
analysis of graphite, GO and functionalised GO via X- ray photoelectron spectroscopy (XPS) and 
surface charge measurements (see sections 4.2.2 and 4.2.2.4) also support these findings. 
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Next, a statistical comparison between both lab-produced and commercial GO samples was 
completed by comparing the experimental means i.e. intensity peak ratio (ID/IG) values obtained 
from the statistical Raman mapping studies. Initially, a 2-Sided F-test was conducted to check 
sample variance between both the standard reference and lab-produced GO material, after which a 
2-tailed t-test (Student’s) was applied to the data (see Appendix C). Figure 4.12 displays the box 
and whisker plot obtained for this comparison and Table 4.2 provides a summary of the statistical 
analysis of the intensity peak ratio (ID/IG) data.  
The F-test showed that there was a significant difference in sample variance and as such, it was 
observed that the standard deviation calculated for the lab-produced GO sample was significantly 
lower (|𝐹𝑐𝑎𝑙𝑐|= 5.76, 𝐹𝑐𝑟𝑖𝑡∞= 1.0, the null hypothesis rejected at p = 0.05, degrees of freedom = 
675). This implies that a greater degree of surface homogeneity was attained with the lab-produced 
GO sample. Furthermore, the 2 tailed t-test (Student’s) (refer to Appendix C3, Equations 
AC.3 - AC.4) was applied to the data and showed that the two experimental means attained for the 
lab-produced and commercial GO were statistically different (|𝑡𝑐𝑎𝑙𝑐|= 20.4, 𝑡𝑐𝑟𝑖𝑡∞= 2.3, the null 
hypothesis rejected at p = 0.05; degrees of freedom = 902.6) [Miller and Miller, 2018]. 
 
Figure 4.12: Box-and-whisker plot of the intensity peak ratio (ID/IG) data obtained from the 
Raman mapping study of lab-produced and commercial GO. Values are 
expressed as mean ± SD (n = 676). The middle line represents the median, the 
box outlines the interquartile ranges, the whiskers represent the 5th and 95th 
percentile and the minus sign represents the minimum and maximum values 
obtained.
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Table 4.2: Summary of the statistical data (comparison of two experimental means) for the 
intensity peak ratio (ID/IG) data obtained for lab-produced GO and commercial 
GO where n= 676. 
 Lab-produced GO Commercial GO 
Mean 0.9425 0.9946 
Standard deviation 0.02548 0.06113 
Standard error 0.00098 0.00235 
F-test: comparison between 
standard deviations 
|𝐹𝑐𝑎𝑙𝑐| = 5.76, |𝐹𝑐𝑟𝑖𝑡∞| = 1, dof = 675 
Significant difference, equal variance not assumed.  
2 tailed t-test (Student’s): 
comparison between 
experimental means 
|𝑡𝑐𝑎𝑙𝑐|= 20.4, 𝑡𝑐𝑟𝑖𝑡∞= 2.3, dof = 902.6 
Significant difference between the two experimental means.  
See Appendix C3 for equation used to determine the |𝐹𝑐𝑎𝑙𝑐| and |𝑡𝑐𝑎𝑙𝑐| values. 
4.2.2 Surface analysis 
The following section outlines the surface chemistry techniques applied to graphene oxide (GO)-
modified materials (section 4.2.2.1 – 4.2.2.4). As discussed in section 3.2.2, both X-ray 
photoelectron spectroscopy (XPS) and surface charge analysis are complementary techniques 
useful for surface characterisation. XPS is a highly sensitive surface technique and was used to 
monitor the evolution of the chemical structure of GO after chemical functionalisation (see Chapter 
2, section 2.3.1 for the methodology employed). Surface charge measurements (section 4.3.2.4) 
were also collected to investigate the effect of solution pH on the ζ-potential (parameter related to 
surface charge) of GO, COOH-f GO and EDA-f GO.  
4.2.2.1 X-ray photoelectron spectroscopy (XPS) 
As received graphite, GO and functionalised GO samples were probed by XPS to investigate the 
change in atomic composition (%) for each sample after chemical functionalisation (see Table 4.3). 
Figures 4.13 (a) to (c) highlights the XPS surveys scans compiled for graphite, GO and COOH-f 
GO. For graphite (the starting material sourced for GO synthesis), it was found that the material 
consisted primarily of graphitic carbon (93.78 ± 0.11 %), oxygen (4.76 ± 0.21 %) plus trace 
amounts of silicon (1.46 ± 0.05 %), which was attributed to the Si wafer substrate used for XPS 
analysis. In contrast, the XPS survey scans collected for GO and COOH-f GO (section 
4.1.1 – 4.1.2) all indicate that a high degree of oxidation was achieved for these materials. Overall, 
an increased oxygen signal was observed for each material corresponding to an oxygen 
concentration of 29.70 ± 0.11 % and 31.95 ± 0.32 %, respectively.  
Figures 4.14 (a) to (c) showcases the XPS survey scans collected for EDA-f GO, o-PDA-f GO and 
NH2 DB18CE6-f GO. A reduced oxygen signal (20.15 ± 0.16, 18.23 ± 0.67 and 24.37 ± 2.57 %) 
was observed for all three materials in comparison to COOH-f GO. This decrease was attributed to 
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the addition of amine and amide surface functionalities to COOH-f GO to form CONH-f GO, which 
was previously observed in the Fourier transform infrared (FTIR) spectra collected for CONH-f 
GO (section 4.2.1.2). As such, this would result in an increased nitrogen signal being observed 
from the survey scan of CONH-f GO.  
 
Figure 4.13: X-ray photoelectron spectroscopy (XPS) survey scans of: (a) graphite, (b) 
GO and (c) COOH-f GO, where n = 5. 
1200 1000 800 600 400 200 0
0
2
4
6
8
10
12
In
te
n
s
it
y
 (
x
1
0
5
) 
C
P
S
Binding Energy (eV)
(a)
CKLL O1s
C1s
1200 1000 800 600 400 200 0
0
2
4
6
8
10
12
In
te
n
s
it
y
 (
x
1
0
5
) 
C
P
S
Binding Energy (eV)
CKLL
O1s
C1s
OKLL
Si2p
Na1s
Cl2p
1200 1000 800 600 400 200 0
0
2
4
6
8
10
12
In
te
n
s
it
y
 (
x
1
0
5
) 
C
P
S
Binding Energy (eV)
(c)
CKLL
O1s
C1s
OKLL
S2p
Si2p
Graphite GO
COOH-f GO
(b)
Chapter 4: Selective Removal of Uranium from Aqueous Solution by Graphene Oxide (GO)-Materials 
 
91 
 
Figure 4.14: X-ray photoelectron spectroscopy (XPS) survey scans of: (a) EDA-f GO, (b) 
o-PDA-f GO and (c) NH2 DB18CE6-f GO, where n = 5. 
4.2.2.2 High resolution C1s and O1s XPS scan of functionalised-GO materials 
Additional studies, in the form of narrow (20 eV) high resolution C1s scans, were still required for 
this work to confirm the exact chemical functionality of the species added to the surface of GO. 
The high resolution C1s spectra collected for graphite, GO and COOH-f GO are displayed in 
Figures 4.15 (a) to (c). A summary of the total contribution (%) of each identified surface functional 
group are also provided in Figure 4.15 (d). The C1s scan of as-received graphite had three 
components peak-fitted in its spectrum with the most abundant peak observed at 284.6 eV 
(86.14 ± 2.59 C1s %), which was assigned to the C-C/C=C species. The following peaks obtained 
at 286.5 eV (12.30 ± 0.77 C1s %) and 291.2 eV (1.56 ± 0.27 C1s %), respectively for graphite, 
corresponds to the presence of C-O species and a satellite (π-π)* transition. These values are similar 
to the C1s (%) values reported in previous studies for graphite sourced from Asbury Carbons Ltd, 
(New Jersey, USA) [Geng et al., 2009]. 
In contrast, the high resolution C1s scans obtained for GO and COOH-f GO had two additional 
peaks fitted and identified in their spectra. These correspond to the presence of carbonyl (C=O) and 
carboxyl (O-C=O) species at 287.9 eV and ~ 288.9 eV, respectively [Yu et al., 2015]. Of particular 
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note, is the increased total contribution of C=O species observed for COOH-f GO, which had 
increased from 5.36 ± 1.80 C1s %for GO to 16.63 ± 0.77 C1s %. Additionally, this observed 
increase also supports the main findings concluded from the methylene blue (MB) assay (see Table 
4.3) and FTIR analysis (section 4.2.1.2) determined for COOH-f GO. Finally, Figures 4.16 (a) to 
(c) shows the C1s scan collected for CONH-f GO i.e. EDA-f GO, o-PDA-f GO and NH2-
DB18CE6-f GO. Overall, a similar spectrum to COOH-f GO was observed for all three samples, 
however, an additional peak at a lower binding energy, 285.5 eV was fitted, which according to the 
literature corresponds to the presence of C-N species [Yan et al., 2012].  
 
Figure 4.15: Deconvolution of high resolution C1s X-ray photoelectron spectroscopy (XPS) 
spectra attained for: (a) graphite, (b) GO and (c) COOH-f GO , where n = 5; 
(d) the quantification of the total contribution of surface functional groups 
deconvoluted in the high resolution C1s XPS scans for (a) to (e), where the data 
is expressed as mean ± SD (n = 5).  
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Figure 4.16: Deconvolution of high resolution C1s X-ray photoelectron spectroscopy (XPS) 
spectra attained for: (a) EDA-f GO, (b) o-PDA-f GO and (c) NH2 DB18CE6-f 
GO, where n = 5; (d) the quantification of the total contribution of surface 
functional groups deconvoluted in the high resolution C1s XPS scans for (a) to 
(c), where the data is expressed as mean ± SD (n = 5). 
Further confirmation of the covalent surface functionalisation of GO was obtained by collecting 
high resolution O1s XPS scans which are displayed in Figures 4.17 (a) to (c) and Figures 4.18 (a) 
to (d). In the spectra collected for GO, the main signal observed at 532.0 eV corresponds to the 
presence of C-O species (93.7 ± 2.1 O1s %). The two additional peaks observed at 530.3 eV and 
534.3 eV were assigned to C=O and O-C=O species, respectively [Sitko et al., 2013]. The O1s scan 
attained for COOH-f GO displayed the same O1s peaks observed for GO, however, as illustrated 
in the C1s spectrum (see Figure 4.15 (c)), a reduced C-O signal (66.9 ± 4.6 O1s %) was determined 
for COOH-f GO. Furthermore, an increased contribution O1s % for both C=O and O-C=O species, 
respectively (26.4 ± 4.1 and 6.8 ± 1.5 O1s %) was also observed, which implied that both 
functional groups were successfully grafted to the surface of GO to form COOH-f GO.  
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Figures 4.18 (a) to (c) revealed that the C=O peak observed previously for both GO and COOH-f 
GO had shifted in position from ~ 530.5 eV to ~ 531.4 eV for EDA-f GO, o-PDA-f GO and NH2 
DB18CE6-f GO, respectively. Furthermore, this observed chemical shift is close to the literature 
reported value for the amide (N-C=O) species and implies that the C=O groups present in COOH-
f GO were successfully transformed into N-C=O linkages with EDA, o-PDA and NH2 DB18CE6 
successfully attached to the material surface [Song et al., 2017]. 
 
Figure 4.17: Deconvolution of high resolution O1s X-ray photoelectron spectroscopy (XPS) 
spectra attained for: (a) GO and (b) COOH- f GO, where n = 5; (c) the 
quantification of the total contribution of surface functional groups 
deconvoluted in the high resolution O1s XPS scans for (a) to (b), where the 
data is expressed as mean ± SD (n = 5).  
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Figure 4.18: Deconvolution of high resolution O1s X-ray photoelectron spectroscopy (XPS) 
spectra attained for: (a) EDA-f GO, (b) o-PDA-f GO and (c) NH2 DB18CE6-f 
GO, where n = 5; (d) the quantification of the total contribution of surface 
functional groups deconvoluted in the high resolution O1s XPS scans for (a) to 
(c), where the data is expressed as mean ± SD (n = 5). 
4.2.2.3 High resolution N1s XPS scan of functionalised-GO materials 
High resolution N1s XPS scans were collected for EDA-f GO, o-PDA-f GO and NH2-DB18CE6-f 
GO (Figure 4.19), which confirmed that the nitrogen-containing surface functional groups were 
effectively attached to the surface of COOH-f GO. Overall, three N1s peaks were identified from 
the N1s XPS spectra of EDA-f GO and o-PDA-f GO, respectively, and were found to correspond 
to the presence of primary amine (C-NH2) species at ~398.9 eV (9.8 ± 1.3 and 2.71 ± 0.62 N1s %), 
secondary amine species (C-NH-C) at 399.7 eV (58.6 ± 4.6 and 70.6 ± 4.5 N1s %) and finally, 
amide species (N-C=O) at 401.2 eV (31.6 ± 2.9 and 26.7 ± 3.2 N1s % ) [Yan et al., 2012; Compton 
et al., 2010; Hsiao et al., 2011]. These results are in good agreement with the high resolution N1s 
XPS scans collected for CONH-f MWCNTs (section 3.3.2.3) and the FTIR results discussed 
previously. Finally, the high resolution N1s XPS spectrum collected for NH2 DB18CE6-f GO 
revealed the presence of two peaks, which were attributed to C-NH-C species at 399.6 eV 
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(88.8 ±  4.4 N1s %) and amide species at 401.9 eV (11.2 ±  3.6 N1s %), which indicates that the 
amine group present in NH2 DB18CE6 was successfully attached to the surface of COOH-f GO. 
 
Figure 4.19: Deconvolution of high resolution N1s X-ray photoelectron spectroscopy (XPS) 
spectra attained for: (a) COOH-f GO; (b) EDA-f GO; (c) o-PDA-f GO and (d) 
NH2 DB18CE6-f GO, where n = 5; (e) the quantification of the total 
contribution of the surface functional groups deconvoluted in the high 
resolution N1s XPS scans for (a) to (d), where the data is expressed as mean ± 
SD (n = 5).  
0
20
40
60
80
100  NH
2
 DB18CE6-f GO
 o-PDA-f GO
 EDA-f GO
C-NH
2C-NH-C
N
 (
%
)
Surface Functional Groups
N-C=O
404 402 400 398 396
0
1
2
3
4
5
6  Raw data
 Fitted data
 Background
 C-NH-C
 N-C=O
In
te
n
s
it
y
 (
x
1
0
3
) 
C
P
S
Binding Energy (eV)
404 402 400 398 396
0
4
8
12
16
20
 Raw data
 Background
In
te
n
s
it
y
 (
x
1
0
4
) 
C
P
S
Binding Energy (eV)
404 402 400 398 396
0
4
8
12
16
20
 Raw data
 Fitted data
 Background
 C-NH
2
 C-NH-C
 N-C=O
In
te
n
s
it
y
 (
x
1
0
4
) 
C
P
S
Binding Energy (eV)
(a) (b)
COOH-f GO EDA-f GO
404 402 400 398 396
0
4
8
12
16
20
 Raw data
 Fitted data
 Background
 C-NH
2
 C-NH-C
 N-C=O
In
te
n
s
it
y
 (
x
1
0
3
) 
C
P
S
Binding Energy (eV)
o-PDA-f GO NH2 DB18CE6-f GO
(c) (d)
(e)
Chapter 4: Selective Removal of Uranium from Aqueous Solution by Graphene Oxide (GO)-Materials 
 
97 
In addition to XPS analysis, UV-visible spectrophotometric (or UV-Vis) analysis was used to 
quantify the total abundance of carboxyl groups functionalised to GO and COOH-f GO. This 
involved the use of a colorimetric-based assay with the dye molecule methylene blue (MB), as 
described by Imani et al. (2015), and outlined in detail in section 2.3.2. Table 4.3 highlights the 
key surface characterisation data discussed thus far and includes the data attained from the MB 
assay. The results (reported as mean ± SD, where n = 3) showed that, for each sample preparation 
procedure, the COOH-content increased from 0.0006 ± 0.0002 μmol mg-1 for graphite to 0.103 ± 
0.003 μmol mg-1 for COOH-f GO.  
4.2.2.4 Surface charge measurements 
As discussed previously in section 3.2.2.4, the inherent surface charge of a material plays an 
important role in enhancing the selectivity and sorption of radionucides from aqueous solution [Hu 
et al., 2005]. Therefore, for this work the zeta (ζ) potential of a 1 mg mL -1 aqueous dispersion of 
graphite, GO, COOH-f GO and EDA-f GO were measured at pH 4, as shown in Figure 4.20 (a). 
Furthermore, an additional investigation into the effect of solution pH on the measured ζ potential 
of GO, COOH-f GO and EDA-f GO (Figure 4.20 (b)) was also determined. Overall, it was found 
that the ζ potential for graphite was close to zero with a value of -0.58 ± 0.32 mV obtained. 
However, for both GO and COOH-f GO, a largely negative ζ potential value of -34.6 ± 2.2 mV and 
-36.5 ± 1.7 mV were noted at pH 4, respectively. These values indicate that both GO and COOH-f 
GO form stable colloidal dispersions. As such, the observed increase in ζ potential could be 
attributed to the increased number of oxygen functionalities present in these materials. For EDA-f 
GO, a largely positive ζ potential value of +33.1 ± 1.4 mV was obtained, which has been previously 
reported in the literature for CONH-f materials (see section 3.2.2.4) [Cai and Larese-Casanova, 
2016; Wang et al., 2014]. This particular finding supports the high resolution N1s XPS scans 
collected for EDA-f GO. This suggests that the grafted terminal-amine (C-NH2) groups on to the 
surface of EDA-f GO led to a net positive surface charge due to the protonation of NH2 functional 
groups to NH3
+ at acidic pH [Huang et al., 2013; Soto-Cantu et al., 2012].  
The ζ potential of GO, COOH-f GO and EDA-f GO as a function of pH were plotted, as shown in 
Figure 4.19 (b). Over the pH range of 2 to 12, both GO and COOH-f GO materials were found to 
possess an increased negative surface charge, which was attributed to the carboxylic acid groups 
present on the GO surface becoming deprotonated [Bhattacharjee, 2016] For EDA-f GO, a largely 
positive ζ potential value of +35.5 ± 0.2 mV was obtained at pH 4 which became increasingly 
negative as the solution pH of the aqueous dispersion was increased. Moreover, the measured pH 
point of zero charge (pHpzc) was found to occur at pH ~ 8.1, which implies that the positively 
charged species (NH3
+) observed at pH 4 for NH2-f GO became deprotonated at pH > 8. 
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Figure 4.20: (a) Surface charge data for graphite, lab-produced GO, COOH-f GO and EDA-
f GO, expressed as plot of zeta (ζ) potential distribution. Inset is a digital 
photograph of each material dispersed in methanol (pH adjusted to pH 4) and 
sonicated for 30 mins and left to stand overnight, from left to right, graphite, 
GO, COOH-f GO and EDA-f GO; (b) plot of zeta (ζ) potential as a function of 
pH of graphene oxide, COOH-f GO and EDA–f GO, where the data is 
expressed as mean ± SD (n = 3). 
4.2.3 Thermogravimetric analysis (TGA) 
TGA was used to determine the thermal stability and degree of surface functionalisation present in 
graphite, lab-produced GO, COOH-f GO and CONH-f GO. Figure 4.21 illustrates the exceptional 
thermal stability of graphite with minimal mass loss observed after thermal treatment to 800°C 
[Jiang et al., 2000; Joon et al., 2014]. The TGA plot of GO indicates that the thermal decomposition 
of the graphene oxide-network occurs primarily through a three-step process [El-Khodary et al., 
2014]. Initially, minimal weight loss is observed from 25°C to 130°C due to the loss of water. This 
is then followed by a second step from 180°C to 280°C, which is attributed to the loss of oxygen 
containing functional groups, such as, hydroxyl and carboxyl groups. Finally, the third 
decomposition step observed was from 400°C to 790°C, which was due to the loss of the carbonyl 
groups present in the sp2 carbon network.  
EDA-f GO
EDA-f GO
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Figure 4.21: TGA plots of graphite, GO, COOH-f GO, EDA-f GO, o-PDA-f GO and 
NH2 DB18CE6-f GO performed with a 10°C min
-1 ramp rate under a N2 
atmosphere with the total weight loss reported as mean ± SD, where n = 2.  
The TGA plot of COOH-f GO illustrates that its thermal decomposition occurs through a similar 
mechanism as that for GO. However, a sharper loss was observed from 180°C to 280°C, which 
implies that a greater number of oxygen-containing functional groups, such as carboxyl groups, are 
present in COOH-f GO. This finding agrees with the reported literature and illustrates the success 
of the chloroacetic acid/NaOH treatment in introducing carboxyl groups to the surface of the 
COOH-GO material [Li et al., 2014]. Furthermore, this particular finding supports the data attained 
from high resolution O1s XPS analysis, which revealed that the percentage of O-C=O groups 
present in COOH-f GO (6.8 ± 1.5 O1s %) was indeed greater than that observed for lab-produced 
GO (2.10 ± 0.43 O1s %). 
Lastly, the TGA plot of CONH-f GO i.e. EDA-f GO, o-PDA-f GO and NH2 DB18CE6-f GO all 
showcased a similar thermal behaviour to unmodified GO. However, an increased mass loss was 
observed with each CONH-f GO material between 200°C and 700°C, which was attributed to the 
loss of amine and amide groups. This observation has been previously reported in the literature and 
was observed in the TGA plot of CONH-f MWCNTs (see Chapter 3, section 3.2.3) [Hu et al., 2010; 
Calliman et al., 2018]. 
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Table 4.3: Summary of the key surface characterisation data obtained by Raman spectroscopy (ID/IG), X-ray photoelectron spectroscopy (XPS), 
carboxyl content (MCOOH), surface charge (ζ) and thermogravimetric analysis (TGA) for graphite, GO, COOH-f GO, EDA-f GO, o-
PDA-f GO and NH2 DB18CE6-f GO. Values are reported as mean ± SD, where n = number of replicates. 
where EDA = ethylenediamine, o-PDA =  o-phenylenediamine and NH2 DB18CE6 = 4′-aminodibenzo-18-crown-6. aData for high-resolution C1s, O1s and N1s XPS scans 
are provided in Appendix F.2. bMethylene blue assay used to determine carboxyl content, c ζ value measured at pH 4.+Inadequate amount of sample remaining for zeta 
potential analysis. 
 
Samples ID/IG ratio  
(n = 676) 
  
a Atomic composition determined by XPS / % (n = 5)  bMCOOH / μmol 
mg-1  
(n = 3) 
cζ / mV 
(n = 3) 
Total TGA loss / % 
(n = 2) 
C  O N C:O  C:N    
Graphite  0.11 ± 0.09 93.78 ± 0.11  4.76 ± 0.21  - 19.7 - 0.0006 ± 0.0002 -0.58 ± 
0.32 
98.3 ± 1.1 
GO  0.94 ± 0.03 66.92 ± 0.57 29.70 ± 
0.11  
1.12 ± 0.039 2.3 59.6 0.059 ± 0.008 -34.6 ± 2.2 51.9 ± 1.3 
COOH-f GO 0.98 ± 0.05 63.07 ± 0.10 31.95 ± 0.32 0.54 ± 0.32 1.9 116.
8 
0.103 ± 0.003 -36.5 ± 1.7 43.5 ± 1.6 
EDA-f GO 1.08 ± 0.08 64.08 ± 0.14 20.15 ± 0.16 9.58 ± 0.16 3.2 6.7  +33.1 ± 
1.4 
54.5 ± 2.7 
o-PDA-f GO 1.08 ± 0.04 71.14 ± 0.11 18.23 ± 0.67 8.41 ± 0.040 4.0 8.5  + 49.9 ± 1.4 
NH2 DB18CE6-f 
GO 
1.06 ± 0.03 69.72 ± 0.58 24.37 ± 2.57 4.39 ± 0.97 2.9 15.9  + 37.7 ± 3.1 
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4.3 Results and Discussion for the Uranium Sorption Data 
4.3.1 Uranium sorption studies  
As outlined in Chapter 1, one of the main objectives for this research was to investigate the effect 
of pH, contact time and the presence of competing ions on radionuclide removal by graphene oxide 
(GO)-modified materials (see sections 4.3.1.1 – 4.3.1.2). Previously published work has shown that 
GO is effective for the removal of uranium in aqueous solution [Romanchuk et al., 2010]. However, 
the selectivity of functionalised GO materials, such as, o-phenylenediamine-functionalised (o-
PDA-f) GO and 4’ amino dibenzo-18 crown ether 6 functionalised (NH2 18CE6-f) GO have not 
been previously explored. As a result, the following sections focus on the potential use of these 
sorbent materials by determining their maximum uranium sorption capacities (Qmax) (see section 
4.3.1.3). In addition, the GO-modified material which displayed the highest Qmax and selectivity 
for uranium was studied further by testing the materials sorption performance with a high salinity 
aqueous waste sample from Sellafield, Cumbria, UK (4.3.1.5). Also, the degree of reusability 
achievable with this sorbent material was determined, which is discussed in section 4.3.1.6. 
4.3.1.1 Effect of pH 
The effect of pH on the sorption of uranium by graphite, graphene oxide (GO) and carboxyl 
functionalised graphene oxide (COOH- f GO), was evaluated over a pH range from 1 to 13 (Figures 
4.22 (a) and 4.22 (b)). The general trend observed for the three sorbent materials was increased 
uranium sorption between pH 2 to 11, which is consistent with data previously reported [Xie et al., 
2016; Sun et al., 2015]. 
 
Figure 4.22: Effect of pH on: (a) uranium sorption (%); and (b) the distribution co-efficient 
(Kd) observed for graphite, GO and COOH-f GO. (Experimental conditions: 
initial uranium concentration = 10 mg L-1, S/L ratio = 1 g L-1, pH 1 – 4, contact 
time = 24 h). ). The blue shaded region represents the target Kd limits for ‘good’ 
and ‘outstanding’ sorbent [Fryxell et al., 2005].  
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Of particular note is the trend observed at pH 1, with the sorption (%) and Kd values (mL g
-1) 
attained for uranium increasing in the following order for the sorbent materials investigated: 
COOH-f GO > GO > graphite. This suggests that the presence of carboxyl groups had an impact 
on uranium sorption at significantly low pH levels as has been previously reported [Xie et al., 
2016]. This is most likely due to the negatively charged surface of COOH-f GO and GO (section 
4.3.2.2) initiating electrostatic interactions with the positively charged U(VI) species, UO2
2+, 
typically found in solution at low pH (see Figure 3.15) [Ding et al., 2014]. In contrast, at pH 10 
and higher, it was observed that the performance of all three sorbent materials decreased 
considerably. This was believed to be due to the formation of negatively charged and stable uranyl 
carbonate complexes e.g. (UO2(CO3)3]
4- in solution, which has been previously observed to 
adversely impact uranium sorption for similar sorbent systems [Ivanov et al., 2012; Wang et al., 
2017]. Thus, it is likely that electrostatic repulsion between the negative U(VI) species and the 
negatively charged material surface was observed at high pH conditions.  
The optimal condition for uranium sorption was at pH 3, with GO being the best performing sorbent 
material, reporting a Kd value of 1.8×10
5 mL g-1 and 98.7 ± 1.3 % uranium sorption. Furthermore, 
COOH-f GO and graphite displayed Kd values of 3.8×10
3 mL g-1 and 1.2×104 mL g- 1, respectively, 
with the uranium sorption for COOH-f GO and graphite being 88.9 ± 1.9 % and 94.3 ± 1.7 %, 
respectively. These results indicate that each of the sorbent materials are suitable for the removal 
of uranium in solution, as their calculated Kd values all fall within the target values (see blue shaded 
region in Figure 4.22 (b)) reported in the literature for both ‘good’ and ‘outstanding’ performing 
sorbent materials, respectively (see Chapter 2, section 2.5) [Fryxell et al., 2005]. Furthermore, the 
values are consistent with those typically reported for commercially available ion-exchange resins 
used in nuclear waste treatment (see Chapter 1, section 1.3) [Ladeira and Gonalves, 2007; Ladeira 
and Morais, 2005].  
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As discussed in section 4.0, recent studies have shown that the presence of primary amine (NH2) 
and amide (CONH) functional groups on the surface of GO are capable of strongly co-ordinating 
to the uranyl species present in solution [Yang et al., 2016; Guo et al., 2015]. As a result, additional 
work was completed to assess the uranium sorption capabilities (see Figure 4.23 (a) and 4.23 (b)) 
of ethylenediamine-functionalised graphene oxide (EDA-f GO), o-phenylenediamine-
functionalised graphene oxide (o-PDA-f GO) and 4’-amino dibenzo 18 crown 6 ether graphene 
oxide (NH2 DB18CE6-f GO) under acidic solution pH (pH 1 - 4).  
 
Figure 4.23: (a) Effect of pH on (a) uranium sorption (%); and (b) the distribution co-
efficient (Kd) values observed for COOH-f GO, EDA- f GO, o-PDA-f GO and 
NH2 DB18CE6-f GO. (Experimental conditions: initial uranium concentration 
= 10 mg L-1, S/L ratio = 1 g L-1, pH 1 – 4, contact time = 24 h). The blue shaded 
region represents the target Kd limits for ‘good’ and ‘outstanding’ sorbent 
materials [Fryxell et al., 2005].  
Overall, it was observed that the sorption uranium (%) and Kd values (mL g
-1) attained under 
optimal solution pH for the sorbent materials investigated increased in the following order: 
NH2 DB18CE6-f GO > COOH-f GO > o-PDA-f GO > EDA-f GO. The optimal uranium sorption 
(%) of COOH-f GO in a single-component system was found to have decreased from 88.9 ± 1.9 % 
(pH 3) to 69.8 ± 1.2% (pH 4) and 81.8 ± 1.5 % (pH 3) after chemical functionalisation with 
ethylenediamine (EDA-f GO) and o-phenylenediamine (o-PDA-f GO), respectively.  
Moreover, it was found that the Kd value obtained for EDA-f GO and o-PDA-f GO increased from 
1.2×102 mL g-1 and 3.0×101 mL g-1 under strong acid conditions to 1.7×103 mL g-1 and 4.4×103 mL 
g-1 when optimal pH-adjusted solutions were used. This suggests that as the solution pH was 
increased, the protonated amine (NH3
+) groups present on the surface of EDA-f GO and o-PDA-f 
GO were deprotonated back to NH2 [Chen et al., 2016]. As such, they were free to bind to the 
positively charged uranyl species present in solution.   
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Lastly, it was observed that NH2 DB18CE6-f GO displayed much improved uranium sorption 
capabilities in comparison to the other functionalised-GO sorbent materials with a Kd of 4.4×10
4 
mL g-1 and 98.5 ± 1.2 % uranium sorption observed under optimal experimental conditions.  
4.3.1.2 Effect of contact time and competing ions 
A series of time-controlled studies were performed from contact times of 5 to 140 min. Figure 4.24 
illustrates the rapid kinetics of the sorption process for graphite, GO and COOH- f GO with 77.3 ± 
1.2 – 84.9 ± 1.1 % uranium sorption observed within 5 min. These results compare well with those 
reported in the literature [Li et al., 2012] and illustrates that the time required to reach equilibrium 
is 80 min with over 93.4 ± 2.1 % U sorption attainable for COOH- f GO. For GO materials modified 
with EDA, o-PDA and NH2 DB18CE6, it was determined that once equilibrium was reached up to 
67.9 ± 1.2 %, 98.9 ± 1.1 % and 85.3 ± 2.0 % uranium sorption could be achieved by EDA-f GO, 
o-PDA-GO and NH2 DB18CE6-f GO. 
 
Figure 4.24: Effect of contact time on uranium sorption (%) onto graphite, GO, COOH-f 
GO, EDA-f GO, o-PDA-f GO and NH2-DB18CE6-f GO. (Experimental 
conditions: initial uranium concentration = 10 mg L-1, S/L ratio = 1 g L-1, pH 
4, contact time = 5 – 140 min). 
The effect of competing ions on uranium sorption was investigated by exposing graphite, GO, 
COOH-f GO, EDA-f GO, o-PDA-f and NH2 DB18CE6-f GO to a pH-adjusted (pH 4 for optimal 
sorption) multi-element standard (MES) solution comprising of Mg, Co, Zn, Sr, Pb and Th as 
outlined in Chapter 2 (section 2.5.1). Figure 4.25 (a) revealed that COOH-f GO, o-PDA-f GO and 
NH2 DB18CE6-f GO all displayed a higher selectivity towards the actinides i.e. uranium and 
thorium present in the multi-element tracer solutions with over 65.9 ± 2.7 %, 76.2 ± 1.2 % and 
76.90 ± 0.70 % of uranium retained, respectively. It was also found that the uranium sorption (%) 
decreased to 25.1 ± 1.9 % for graphite, 38.9 ± 1.2 % for GO and 46.30 ± 0.60 % for EDA-f GO, 
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respectively in the presence of competing ions. This indicates that the presence of an increased 
number of complexing surface groups on the surface of GO greatly influences the selectivity 
towards uranium [Wang et al., 2016; Franczyk et al., 1992]. Furthermore, it was observed that Th 
was consistently retained by each of the GO-modified materials at over ~ 99.8 %, which is in good 
agreement with previously published studies [Li et al., 2018; Pan et al., 2016].  
 
Figure 4.25: (a) The sorption (%) of U over Mg, Co, Zn, Sr, Pb and Th (a) onto graphite, 
GO, COOH-f GO, EDA-f GO, o-PDA- f GO and NH2 DB18CE6-f GO. (b) 
The variation of the distribution coefficient (Kd) values for uranium observed 
due to the presence of competing ions. (Experimental conditions: uranium 
concentration = 50 μg L-1, S/L ratio = 1 g L-1, pH 4, contact time = 24 h). The 
blue shaded region represents the target Kd limits for ‘good’ and ‘outstanding’ 
sorbent materials [Fryxell et al., 2005].  
The selectivity of each sorbent material was also evaluated by obtaining the Kd and comparing the 
values attained to the parameters set out by Fryxell et al. (2005) for ‘good’ and ‘outstanding’ 
performing sorbent materials (see Chapter 2, section 2.5.1) [Fryxell et al., 2005]. Figure 4.25 (b) 
reveals that the corresponding Kd values for graphite decreased considerably from 1.2×10
4 mL g-1 
to 2.7×102 mL g-1. Similarly, the Kd values for GO and NH2 DB18CE6-f GO at pH 4 were found 
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to have decreased from 2.40×104 mL g- 1 and 4.4×104 mL g-1 to 4.0×102 mL g-1 and 2.7×103 mL g-
1, respectively. In contrast, it was seen that COOH-f GO, EDA-f GO and o-PDA-f GO were the 
only sorbent materials to consistently retain uranium in a multi-component system. The reported 
Kd values for COOH-f GO remained steady, decreasing from 4.1×10
3 mL g- 1 to 3.7×103 mL g-1. 
This was also observed for EDA-f GO and o-PDA-f GO (see Table 4.4).  
Overall, the results showed that once competing ions were introduced to solution, COOH-f GO, 
EDA-f GO, o-PDA-f GO and NH2 DB18CE6-f GO all showcased Kd values indicative of ‘good’ 
performing sorbent materials [Fryxell et al., 2005]. Therefore, the consistently high Kd values and 
actinide sorption (%) shown by each of these functionalised-GO sorbent materials suggest that they 
can be effective sorbent materials for treating contaminated aqueous nuclear waste. However, to 
confirm this, further work was required on the materials to determine their sorption capacities 
towards uranium (section 4.3.1.3). 
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Table 4.4: Summary of sorption (%) and distribution co-efficient (Kd) data obtained by inductively coupled plasma mass spectrometry (ICP-MS) for 
graphite, graphene oxide (GO), carboxyl-functionalised (COOH-f) GO, ethylenediamine-functionalised (EDA-f) GO, o-
phenylenediamine-functionalised (o-PDA-f) GO and 4’ amino dibenzo-18 crown ether 6 functionalised (NH2 DB18CE6-f) GO. Values 
are reported as mean ± SD, where n= 3. 
Samples Uranium-pH study Contact time study  Multi-element standard (MES) study 
Sorption / % Kd / mL g-1 Sorption / % Sorption / % Kd / mL g-1 
Graphite  94.3 ± 1.7 1.1×104 96.4 ± 2.0 25.1 ± 1.9 2.7×102 
GO 98.7 ± 1.3 1.8×105 97.1 ± 1.0 38.9 ± 1.2 4.0×102 
COOH-f GO  88.9 ± 1.9 3.8×103 93.4 ± 2.1 65.9 ± 2.7 3.7×103 
EDA-f GO 69.8 ± 1.2 1.7×103 67.9 ± 1.2 46.30 ± 0.60 1.3×103 
o-PDA-f GO 81.8 ± 1.5 4.4×103 98.9 ± 1.1 76.2 ± 1.2 2.6×103 
NH2 DB18CE6-f GO 98.5 ± 1.2 4.4×104 85.3 ± 2.0 76.9 ± 0.7 2.7×103 
where GO = graphene oxide,  EDA = ethylenediamine, o-PDA =  o-phenylenediamine and NH2 DB18CE6 = 4′-aminodibenzo-18-crown-6 ether. *see section 4.3.1.1 and 4.3.1.2 
for experimental conditions used for each study. 
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4.3.1.3 Sorption isotherm plots of the functionalised-GO materials 
In the following section, the maximum sorption capacity (Qmax) of graphite, GO and functionalised-
GO sorbent materials for uranium removal is presented. As outlined in Chapter 2 (see section 
2.5.1), the Qmax is an important sorption parameter in evaluating the ability of a material to readily 
accumulate uranium from solution. Therefore, for this work by plotting sorption isotherms were 
obtained for of each select sorbent material. This is typically achieved by varying the uranium 
concentration (0.1 to 60 mg L-1) and determining the subsequent U capacity (see Figure 4.26).  
 
Figure 4.26: Uranium sorption isotherm for graphite, GO, COOH-f GO, EDA-f GO, o-PDA-
f GO and NH2 DB18CE6-f GO. (Experimental conditions: uranium 
concentration = 0.1 – 60 mg L-1, S/L ratio = 1 g L-1, pH 4). 
One of the main objectives of this study was to investigate the influence surface complexing 
groups on the Qmax. Thus, these results were further analysed and characterised by plotting both 
Langmuir and Freundlich isotherm models, as depicted in Figures 4.27 – 4.33.  
 
Figure 4.27: (a) The Langmuir and (b) Freundlich isotherm plots for the removal of uranium 
by graphite. (Experimental conditions: initial uranium concentration = 0.1 – 60 
mg L-1, S/L ratio = 1 g L-1, pH 4). 
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Figure 4.28: (a) The Langmuir and (b) Freundlich isotherm plots for the removal of uranium 
by GO. (Experimental conditions: uranium concentration = 0.1 – 60 mg L-1, 
S/L ratio = 1 g L-1, pH 4). 
 
Figure 4.29: (a) The Langmuir and (b) Freundlich isotherm plots for the removal of uranium 
by COOH-f GO. (Experimental conditions: uranium concentration = 0.1 – 60 
mg L-1, S/L ratio = 1 g L-1, pH 4). 
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Figure 4.30: (a) The Langmuir and (b) Freundlich isotherm plots for the removal of uranium 
by EDA-f GO. (Experimental conditions: initial U concentration = 0.1 – 60 mg 
L- 1, S/L ratio = 1 g L-1, pH 4). 
 
Figure 4.31: (a) The Langmuir and (b) Freundlich isotherm plots for the removal of uranium 
by o-PDA-f GO. (Experimental conditions: initial uranium concentration = 0.1 
– 60 mg L-1, S/L ratio = 1 g L-1, pH 4). 
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Figure 4.32: (a) The Langmuir and (b) Freundlich isotherm plots for the removal of uranium 
by NH2 DB18CE6-f GO. (Experimental conditions: uranium concentration = 
0.1 – 60 mg L-1, S/L ratio = 1 g L-1, pH 4). 
In general, it was found from each of the isotherm plots that the Langmuir model fits the sorption 
data best. This implies that uranium sorption by graphite, GO and functionalised-GO materials 
occurs mainly by the formation of a monolayer of uranium on the sorbent material [Yang et al., 
2016]. Table 4.5 summarises the isotherm model parameters attained for graphite, GO and 
functionalised-GO materials, respectively. The Qmax attained for each of these samples were 
compared to deduce which sorbent material would be best suited for nuclear waste treatment. The 
results revealed that the Qmax increased from 20.08 mg g
-1 for graphite to 142.25 mg g-1 for GO. 
Additionally, it was observed that treatment of GO with chloroacetic acid to introduce 
predominantly surface carboxyl groups (COOH-f GO) resulted in a Qmax of 169.20 mg g
-1 being 
attained. For the amide-functionalised GO systems, it was found that the attachment of surface 
complexing groups i.e. EDA, o-PDA and NH2 DB18CE6-f GO onto the surface of COOH-f GO, 
led to a decrease in the sorption capacity, which ranged between 62.11 - 90.91 mg g-1, in 
comparison to COOH-f GO. This indicates that chemical functionalisation with these particular 
ligand systems does not enhance the sorption capacity of GO towards uranium.  
Overall, the sorption capacities obtained for this work confirm that COOH- f GO is the most 
effective hybrid sorbent material for removing uranium from solution. The results attained for 
COOH-f GO are comparable to those previously reported for GO-based sorbent materials (see 
Chapter 1, Table 1.4). Moreover, the Qmax value for COOH-f GO was found to be considerably 
higher than those previously observed for other sorption materials e.g. nano metal oxides (Fe3O4), 
(see Chapter 1, section 1.4.2), multi-walled-carbon nanotubes (MWCNTs) (see Chapter 3, section 
3.3.4.4) and the magnetic graphene oxide nanocomposite (Fe3O4-f GO) (see Chapter 5, section 
5.3.1.3).  
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Table 4.5: Langmuir and Freundlich isotherm model parameters attained for uranium sorption 
onto graphite, GO, COOH-f GO, EDA-f GO, o-PDA-f GO and NH2 DB18CE6-f 
GO.  
where Qmax = maximum sorption capacity, KL = Langmuir constant, KF = Freundlich constant and n = sorption 
intensity. 
4.3.1.4 Selective sorption of uranium from nuclear waste solutions 
As previously stated in Chapter 1 (see section 1.5), one of the main objectives for this research was 
to assess the suitability of GO-based materials for nuclear waste treatment. One of the key 
challenges associated with sorption materials is their reduced selectivity in the presence of 
competing ions, which are typically present in much higher concentration, in comparison to the 
target radionuclide [Handley-Sidhu et al., 2016]. From the selectivity studies completed for both 
functionalised MWCNTs (see Chapter 3, section 3.3.13) and GO sorbent materials (see section 
4.3.1.2), it was found that COOH-f GO displayed enhanced selectivity (high Kd) and sorption 
capacity (Qmax) for uranium in aqueous solution. Therefore, this particular sorption system was 
selected for further testing to determine the uranium removal capability of COOH-f GO with a 
sample matrix relevant to nuclear waste treatment. 
For this study, a high salinity aqueous waste sample was supplied by Sellafield, UK, with the 
elemental concentrations (µg L-1) of uranium and competing ions listed in Table 4.1. It was found 
that the concentration of each element of interest ranged between 0.0018 - 0.12 µg L-1. Figure 4.33 
(a) and (b) displays the sorption (%) and distribution co-efficient (Kd) obtained for COOH-f GO as 
a function of pH (see section 4.1.5 for the experimental methodology followed). The optimal 
solution pH for uranium removal was achieved at pH 3 with 49.1 ± 1.1 % sorption and a Kd of 
1.0×102 mL g-1 attained. However, these values are considerably lower than those previously 
observed for COOH-f GO in the single-component study (see section 4.3.1.1) and the multi-
component study (see section 4.3.1.2), respectively. Furthermore, the results obtained from this 
study showed that a higher affinity for competing ions was observed with 85.0 ± 6.9 %, 82.5 ± 5.2 
% and 87.5 ± 4.9 % of Mg, Sr and Pb removed by COOH-f GO, respectively.  
 Langmuir model Freundlich model 
Sample Qmax / mg g-1 KL / L mg
- R2 KF / L mg-1 n R2 
Graphite 20.08 0.921 0.9707 4.418 1.771 0.7842 
GO 142.25 0.527 0.9913 4.856 1.823 0.9125 
COOH-f GO 169.20 1.310 0.9809 6.384 3.800 0.9299 
EDA-f GO 62.11 0.321 0.8402 8.361 1.278 0.8044 
o-PDA-f GO 90.91 0.0939 0.8761 6.837 1.289 0.8482 
NH2 DB18CE6-f 
GO 
86.96 2.614 0.9520 41.771 4.739 0.7992 
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Figure 4.33: Evaluation of the sorption performance: (a) sorption (%) and (b) the distribution 
co-efficient (Kd) of COOH-f GO in the aqueous waste sample from Sellafield, 
UK. (Experimental conditions: S/L ratio = 8 g L-1, pH 1 - 4, contact time = 24 
h). Note the blue region represents the sorption values (% and Kd) obtained from 
the single-component (uranium (U)) study and the grey region represents the 
sorption values (% and Kd) obtained from multi-component (multi-element 
standard (MES)) study. 
4.3.1.5 Desorption and reusability studies 
The reusability of a treatment process plays a key role in determining the efficiency and thus, 
practicality of a select method for nuclear waste treatment [Olatunji et al., 2018]. As such, the 
reusability of COOH-f GO for uranium removal from aqueous solution was assessed for this study. 
Initial work was completed to determine the most suitable acid diluent (see section 4.1.6) for the 
desorption of U(VI) from the sorbent material. This was followed by the chemical recovery (R), i.e. 
the amount of target species removed by COOH-f GO, being determined by using Equation 1.1 
(see Chapter 1, section 1.3.2). Figure 4.34 (a) reveals that increasing the HCl acid molarity from 
0.1 M to 9 M led to an increased uranium recovery being achieved with up to 66.3 % of uranium 
recovered from COOH-f GO. Therefore, from the results it was found that the most suitable acid 
molarity for subsequent reusability studies was 9 M HCl. 
Figure 4.34 (b) displays a plot of uranium sorption (%) vs. the number of sorption-desorption 
cycles (1 – 5) applied to COOH-f GO to determine the degree of reusability achievable with the 
material. The results indicate that there was a gradual decrease in the sorption efficiency of 
COOH-f GO with the uranium sorption (%) dropping from 83.8 % to 77.0 % and 66.2 %, 
respectively after the 1st and 4th sorption-desorption cycle. In addition, it was found after a 5th 
cycle was applied to COOH-f GO, the sorption performance decreased considerably to 38.3 %. 
This indicates that COOH-f GO can only be effectively re-used up to 4 cycles for the removal 
of U(VI) species from aqueous solution  
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Figure 4.34: (a) Uranium elution from COOH-f GO with 0.1 – 9 M HCl; and (b) the 
reusability of COOH-f GO assessed from successive sorption-desorption 
cycles (1 - 5). (Experimental conditions: initial U concentration = 10 mg L-1, 
eluent = 0.1 -9 M HCl (recovery study) and 9 M HCl (reusability study), S/L 
ratio = 1 g L-1, pH 4, contact time = 24 h).  
 4.4 Summary 
In this study, the potential use of functionalised-graphene oxide (f-GO) materials was investigated 
for the removal of uranium from aqueous solution. The characterisation data obtained illustrated 
that chloroacetic acid/NaOH treatment of GO to form COOH-f GO (sections 4.1.2 – 4.1.3) lead to 
a greater abundance of COOH surface groups. This finding was confirmed by both high resolution 
C1s X-ray photoelectron spectroscopy (XPS) and UV-visible spectrophotometric analysis (UV-
Vis), which showed that the COOH-content for GO, increased to 16.63 ± 0.77 C1s % and to 0.103 
± 0.003 μmol mg-1, respectively. Zeta (ζ) potential measurements were also completed to determine 
the inherent surface charge of COOH-f GO. The results showed that a largely negative ζ potential 
value of -36.5 ± 1.7 mV was observed at pH 4, which is indicative of an increased number of 
oxygen functionalities being introduced to the surface of COOH-f GO.  
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Next, a series of complexing groups were attached to the surface of COOH-f GO. This was done 
to assess if an enhanced degree of uranium selectivity might be achieved with ethylenediamine 
(EDA), o-phenylenediamine (o-PDA) and 4’ amino dibenzo 18 crown ether 6 (NH2 DB18CE6) 
functionalised GO (Figure 4.1.4). From the sorption studies, it was found that a greater degree of 
selectivity was observed for functionalised GO with the U sorption % ranging between 
65.9 ± 2.7 to 76.9 ± 0.7 % (sections 4.3.1.1 – 4.3.1.2). Above all, it was observed that the 
distribution coefficient (Kd), i.e. the affinity of sorbent materials for target analytes, remained 
consistent only for COOH-f GO (Kd of 3.7×10
3 mL g−1) once competing ions (Mg, Co, Zn, Sr, Pb 
and Th) were introduced into solution. In addition, a higher sorption capacity for uranium 
(Qmax = 169.20 mg g
−1) was attained for COOH-f GO under optimal pH conditions (pH 4). This 
increase in selectivity, Kd and Qmax was attributed to the increased presence of COOH groups, which 
were found to favourable complex with UO2
2+ species in solution. The implications of these 
findings suggest that COOH-f GO is suitable for the selective removal of uranium even in the 
presence of challenging sample matrices relevant to nuclear waste treatment (section 4.3.1.4). 
Moreover, it was demonstrated that a high degree of reusability (up to 4 cycles) can be achieved 
with COOH-f GO, with 9 M HCl being suitable for the removal of uranium from the sorbent 
material. 
 
  
Chapter Five 
Magnetic Nanocomposite for the Removal 
of Uranium Present in Environmental 
Samples  
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5.0 Introduction 
The application of magnetic sorbent materials for chemical separation and analysis (see Chapter 1, 
section 1.4) has increasingly grown in interest [Giakisikli and Anthemidis, 2013]. This is mainly 
due to the materials superparamagnetic property which enables for the rapid separation and removal 
of target species from aqueous solution (see Figure 5.1) [O’Hara et al., 2016; Ríos et al., 2013; 
Faraji, 2016]. Several groups have developed magnetic nanocomposites which typically consist of 
nano metal oxides (NMOs) attached to the surface of an inert support material. However, most of 
the research has focused on the use of traditional support materials, such as, a reversed-phase 
octadecyl (C18) chromatographic column, manganese dioxide (MnO2) and silica (SiO2), 
respectively [Liu et al., 2014; Chen et al., 2014; Fan et al., 2012]. The main disadvantage of such 
sorbent systems is that they often suffer from low specificity towards target analytes due to the 
non-selective nature of the sorbent material. 
Figure 5.1: Main principles behind magnetic separation and sorption of target analytes present in 
aqueous solution. Figure adapted from [Giakisikli and Anthemidis, 2013].  
A limited number of studies have reported on the potential application of nanomaterial support 
materials e.g. graphene oxide (GO) for radionuclide removal via a magnetically-assisted chemical 
separation step. In Chapter 4 (see section 4.3.1.2), it was highlighted that a high-level of selectivity 
was achievable with carboxyl-functionalised graphene oxide (COOH-f GO) for target species. As 
such, the main objective of this study was to synthesise a novel magnetic nanocomposite 
comprising of Fe3O4 nanoparticles attached to the surface of COOH-f GO (Fe3O4-f GO). Further 
investigations were then completed to assess the suitability of Fe3O4-f GO for the rapid removal of 
uranium species present in an ideal solution (single-element study) and in environmental samples. 
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The following chapter intends to provide an overview of the procedure followed for the synthesis 
of Fe3O4-f GO (see section 5.1.4). Additionally, structural analysis in the form of field emission-
scanning electron microscopy (FE-SEM), Fourier transform infrared spectroscopy and statistical 
Raman mapping studies were collected for Fe3O4-f GO and are discussed in section 5.2.1. This was 
then followed by X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA), 
respectively to confirm the presence of select surface functionalities and to assess the thermal 
stability of the nanocomposite (see section 5.2.2). Finally, the sorption capability of Fe3O4-f GO 
was assessed by determining the effect on the U sorption (%) and the distribution co-efficient (Kd) 
by varying the acidic solution pH, contact time and introducing competing ions to solution (see 
sections 5.3.1.1 – 5.3.1.2). 
5.1 Materials and Methodology 
5.1.1 List of chemicals and reagents 
Described herein are the synthesis steps followed to prepare the magnetic nanocomposite (Fe3O4-f 
GO). Carboxyl-functionalised graphene oxide (COOH-f GO) was prepared using the methodology 
outlined in Chapter 4, section 4.1.3 and was used as the starting material to prepare Fe3O4-f GO. 
All reagents and solvents used for this study were purchased from Sigma Aldrich (Poole, UK) and 
used as received: magnetite (Fe3O4) nanoparticles (> 200 nm), ammonium hydroxide (NH4OH), 
ethanol, tetraethyl orthosilicate (TEOS), double deionised water (DDW), 18.2 M.Ω.cm, was 
obtained from a Milli-Q® system (Merck, Watford, UK). 
5.1.2 Synthesis of silica-coated Fe3O4  
A modified form of the Stöber method was employed to produce silica-coated Fe3O4 nanoparticles 
(SiO2-f Fe3O4) [Hui et al., 2011]. In brief, Fe3O4 (0.050 ± 0.001 g) were placed into a beaker (100 
mL), dispersed in DDW (25 mL) and then sonicated for 30 min. Next, 2 mL of NH4OH (28.0 - 30.0 
wt. %) and 25 mL of ethanol (99 %) were added followed by the slow addition (0.1 mL min-1) of 
TEOS (4 mL in total). The resulting mixture was kept under constant stirring conditions at 400 rpm 
for 24 h, room temperature. The final product was filtered onto a 0.45 μm filter membrane 
(Millipore™ Isopore, Milford, MA, USA) and washed with DDW and ethanol. The collected solid 
was vacuum dried overnight at 60℃. Finally, this procedure was repeated without the addition of 
Fe3O4 nanoparticles to produce unmodified silica (SiO2) nanoparticles, which were used to produce 
APTES-coated SiO2 to aid material characterisation (see section 5.2).  
5.1.3 Functionalisation of silica-coated Fe3O4 with APTES 
The protocol outlined by Villa et al. (2016) was used to graft amine groups onto the silica-coated 
(SiO2-f) Fe3O4 nanoparticles, which involved chemical functionalisation with the organosilane, (3-
aminopropyl) triethoxysilane (APTES) [Villa et al., 2016]. This is believed to occur via a two-step 
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functionalisation procedure (see Figure 5.2). Initially, the organosilane undergoes hydrolysis which 
leads to the triethoxyl groups present in APTES being replaced by trihydroxyl groups [Qiao et al., 
2015]. This is then followed by a polycondensation reaction being observed between the silanol 
groups present in the silica-coated Fe3O4 nanoparticles and the hydroxyl groups present in APTES 
to form APTES-coated Fe3O4 [Liu et al., 2013]. In brief, APTES-coating was completed by 
preparing a 1 mL dispersion of SiO2-f Fe3O4 (0.06g ± 0.001 g) in DDW, which was added to 4 mL 
of ethanol. The resulting suspension was heated to 60°C, which was followed by the addition of 
500 μL of APTES (2.14 mmol). The resulting mixture was kept under continuous stirring at 400 
rpm for 24 hr, 60°C. The final product was filtered onto a 0.45 μm filter membrane (Millipore™ 
Isopore, Milford, MA, USA) and washed with DDW and ethanol. The collected solid was vacuum 
dried overnight at 60°C. Finally, this procedure was repeated with SiO2 nanoparticles to produce 
APTES-coated SiO2. 
 
Figure 5.2: (a) Schematic illustration of the reaction route of APTES hydrolysis; and (b) 
functionalisation of silica-coated Fe3O4 nanoparticles to form APTES-coated 
Fe3O4 nanoparticles. Figure adapted with permission from [Hermanson et al., 
2013]. 
5.1.4 Synthesis of Fe3O4-f GO 
COOH-f GO was covalently coupled to (3-aminopropyl) triethoxysilane-coated (APTES-f) Fe3O4 
nanoparticles by following the EDC.HCl/s-NHS protocol, as outlined in Chapter 4, section 4.1.4. 
This resulted in the formation of the magnetic graphene oxide nanocomposite, Fe3O4 -f GO (see 
Figure 5.3).  
(a) (b)
(3-aminopropyl) triethoxysilane (APTES) 
Silica-coated Fe3O4 nanoparticles
APTES-coated Fe3O4 nanoparticles
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Figure 5.3: Schematic illustration of the reaction scheme followed for this work to prepare 
the magnetic nanocomposite (Fe3O4-f GO). Figure adapted with permission 
from [Hermanson et al., 2013]. 
5.1.5 Analysis of environmental samples 
For this study, environmental samples were collected from the Laguna Sirven Deposit, which is 
located in the province of Santa Cruz, Argentina (Berg et al., 2018). This region is a site of growing 
interest for uranium mining exploration as previous field-studies have shown that mineral deposits 
of uranium are located within this sampling region [Lopez, 2009; Berg et al., 2018]. Thus, this site 
was selected to determine the uranium sorption performance of Fe3O4-f GO for use in 
environmental remediation. In total, four sampling sites were identified, showcasing high 
radiometric responses via remote sensing with a hand-held γ-ray spectrometer (RS-230, Radiation 
Solutions Inc, Ontario, Canada). As such, these sites (9, 10, 11 and YA) were subsequently selected 
for soil sample collection (Berg, 2016). Surface soil samples from the top soil (< 5cm) were 
collected into a small polythene bag. Each collected soil sample was then transported back to the 
UK for single-step sequential extraction (see section 5.1.5.1) and batch sorption studies with Fe3O4-
f GO. 
5.1.5.1 Single-step sequential extraction of soil samples 
Environmental soil samples require sequential extraction of target species into an aqueous phase 
prior to inductively coupled plasma mass spectrometry (ICP-MS) analysis [Rao et al., 2008]. 
Efficient sequential extraction can be achieved by increasing the solubility of uranium and trace 
elements into an aqueous phase via the aid of an appropriate leaching agent. Previous work has 
shown that single-step sequential extraction with surface groundwater or 1M HNO3 as the leaching 
agent is a suitable method for the determination of trace species present in the soluble fraction of 
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soil samples [Berg, 2016; Kaplan and Serkiz, 2001; Takeda et al., 2006]. As such, single-step 
sequential extraction with surface rainwater was selected for the leaching of elemental species 
present in the four environmental soil samples.  
The first step involved passing the collected soil samples through a 1.4 mm Teflon™ sieve to ensure 
sample homogenisation. Next, 3.00 ± 0.01g of each sieved sample was placed into a 50 mL 
polypropylene centrifuge tube (Sarstedt, Leicester, UK) for single-step sequential extraction. This 
was achieved by adding 20 mL of surface groundwater to each tube which was then placed onto an 
orbital shaker (Cole-Parmer Instrument & Co., St Neots, UK) at 200 rpm for 24 h. Next, the tubes 
were centrifuged at 2000 rpm for 1 hr with the supernatant collected and filtered through a 0.45 μm 
filter membrane (Millipore™ Isopore, Milford, MA, USA). The solution was then acidified to pH 
4 with 0.01M HNO3 solution and stored in a clean 15 mL polypropylene centrifuge tube (Sarstedt, 
Leicester, UK) for ICP-MS analysis and batch-sorption studies with Fe3O4-f GO (see Chapter 2, 
section 2.5.1 for the experimental methodology followed). Table 5.1 summarises the elemental 
concentrations (μg L-1) determined for each soil sample via ICP-MS analysis. 
Table 5.1: Elemental concentration (μg L-1) of environmental water samples collected 
from the Laguna Sirven Deposit, Santa Cruz, Argentina in April 2018 and 
analysed by inductively coupled plasma mass spectrometry (ICP-MS) 
(Agilent 8800, Agilent Technologies, UK). 
*refer to Berg (2016) for the sampling site details. 
5.2 Results and Discussion for the Characterisation Data 
5.2.1 Structural analysis 
The following section provides the structural data attained for Fe3O4-f GO. The change in 
morphology observed during the preparation of Fe3O4-f GO was investigated by completing the 
field emission-scanning electron microscopy (FE-SEM) measurements for the Fe3O4 nanoparticles, 
APTES-coated SiO2 nanoparticles, APTES-coated Fe3O4 nanoparticles and Fe3O4-f GO (refer to 
section 5.2.1.1). Moreover, the presence of structural defects present in Fe3O4-f GO were studied 
by Fourier transform infrared spectroscopy (FT-IR) and statistical Raman mapping (sections 
5.2.1.2 and 5.2.13). 
Elemental concentration / μg L-1 V As Th U 
Site 9 3020 4210 18 140 
Site 10 20000 8320 150 210 
Site 11 630 550 120 140 
Site YA 3490 4530 410 310 
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5.2.1.1 Field emission-scanning electron microscopy (FE-SEM) 
Figure 5.4 (a) revealed that the morphology of Fe3O4 is chiefly comprised of spherical and cubic 
shaped nanoparticles [Aphesteguy et al., 2015]. In contrast, the FE-SEM image collected for 
APTES-coated SiO2 was found to consist of monodisperse spherical nanoparticles [Rahman, 2009]. 
Figure 5.4 (c) revealed that the chemical functionalisation with the organosilane APTES led to the 
Fe3O4 nanoparticles fusing together, which suggests that APTES was effectively coated onto the 
nanoparticles. Figures 5.4 (d) and (e) presents the FE-SEM image of the Fe3O4-f GO at both low 
(×4500) and high magnification (×30000). The images revealed that the Fe3O4 nanoparticles were 
evenly distributed onto the surface of a layered wrinkled sheet of COOH-f GO. This indicates the 
successful synthesis of the magnetic nanocomposite. 
 
Figure 5.4: Field emission-scanning electron microscopy (FE-SEM) images of: (a) Fe3O4 
nanoparticles; (b) APTES-coated SiO2 nanoparticles; (c) APTES-coated Fe3O4 
nanoparticles; (d) Fe3O4-f GO at low magnification (×4500); and (e) at high 
magnification (×30000) dispersed onto a Si/SiO2 wafer substrate.  
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5.2.1.2 Fourier transform infrared spectroscopy (FTIR) 
Key surface functional groups present in Fe3O4 nanoparticles, APTES-coated SiO2 nanoparticles, 
APTES-coated Fe3O4 nanoparticles and Fe3O4-f GO were identified by Fourier transform infrared 
spectroscopy (FTIR), with each corresponding spectrum presented in Figure 5.5. The FTIR 
spectrum collected for Fe3O4 showed a broad peak at 578 cm
-1 which was assigned to a Fe-O 
vibrational stretch. In addition, a weak shoulder peak was observed at 632 cm-1 which suggests that 
some maghemite (Fe2O3) was present in the as-received Fe3O4 sample [Yamaura et al., 2004].  
 
Figure 5.5: Key surface functionalities identified onto Fe3O4 nanoparticles, APTES-coated 
SiO2 nanoparticles, APTES-coated Fe3O4 nanoparticles and Fe3O4-f GO samples 
by Fourier transform infrared spectroscopy (FTIR), where n = 64.  
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The FTIR spectrum collected for APTES-coated SiO2 revealed the presence of an intense peak at 
1023 cm-1, which corresponds to asymmetric stretching of siloxane groups (Si–O– Si). 
Furthermore, two smaller peaks at 908 cm-1 and 751 cm-1 can be attributed to the silanol (Si-OH) 
and hydroxyl (OH) vibrational stretches, respectively [Rahman et al., 2009; Zhang et al., 2005; 
Thanh et al., 2018]. In addition, the FTIR spectrum collected for APTES-coated Fe3O4 revealed 
the same vibrational peaks as observed with APTES-coated SiO2. However, an additional peak at 
~ 559 cm-1 was identified. This finding demonstrates that the surface functionalities present in the 
Fe3O4 nanoparticles were largely unaffected by APTES surface coating. Moreover, the FTIR 
spectrum obtained for the magnetic nanocomposite Fe3O4-f GO revealed the presence of three 
vibrational peaks typically associated with amide carbonyl (CONH) groups. These were observed 
at 1662 cm-1, 1560.5 cm-1 and 1419 cm-1, which correspond to C=O stretching, NH and CH 
vibrational bending, respectively. In addition, a Fe-O peak was observed at 553 cm-1, which 
indicates that the amine groups present in APTES-coated Fe3O4 were covalently attached to the 
surface of COOH-f GO via an amide linkage [He et al., 2010; Li et al., 2012]. 
5.2.1.3 Raman spectroscopy 
In addition to FTIR analysis, Raman spectroscopy was used to study the structural changes 
observed in COOH-f GO after chemical functionalisation with APTES-coated Fe3O4 (see Figure 
5.6 (a)). The spectrum collected for Fe3O4-f GO revealed the presence of two prominent Raman 
bands at 1350 cm-1 and 1585 cm-1, respectively, which were attributed to the D and G bands. As 
previously discussed in Chapter 3 (see section 3.2.1.2), the D band is associated with structural 
disorder due to the introduction of defect sites, e.g. sp3 domains to the material, whereas the G band 
arises due to in-plane bond stretching of sp2 domains. Therefore, the presence of both of these 
Raman bands for Fe3O4-f GO indicated that the sp
3 and sp2 domains in COOH-f GO (see Chapter 
4, section 4.2.1.3) were unaffected by the covalent attachment of APTES-coated Fe3O4 
nanoparticles.  
Next, a statistical Raman map was compiled for Fe3O4-f GO to determine the intensity ratio 
between the D and G band (ID/IG) ratio, which is a useful parameter for monitoring the degree of 
chemical functionalisation of the graphene oxide framework. This would enable the number of 
structural defects present in the materials to be quantified. Figure 5.6 (b) revealed that the 
corresponding ID/IG ratio attained for Fe3O4-f GO (1.01 ± 0.06), where n = 676, was increased in 
comparison to the ratio obtained for COOH-f GO (0.98 ± 0.05). This indicates that structural 
defects, in the form of surface functionalities e.g. Fe3O4 and amine groups, were introduced to 
COOH-f GO. However, in-depth surface analysis (see section 5.2.2) in the form of X-ray 
photoelectron spectroscopy (XPS) measurements was still acquired to further confirm this finding.  
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Figure 5.6: (a) Averaged Raman spectra of the magnetic nanocomposite (Fe3O4-f GO) 
measured at λ = 532 nm with the D, G, 2D and D+G bands highlighted an 
average of three independent measurements were collected; (b) the statistical 
Raman map (30μm x 30μm) of D-to-G band peak intensity ratio (ID/IG) for 
Fe3O4-f GO with the corresponding ID/IG histogram. Values are expressed as 
mean ± SD (n = 676). 
5.2.2 Surface analysis 
XPS survey scans (see Figure 5.7 and Table 5.2) were performed to determine the atomic 
composition (%) of each starting material used to synthesise Fe3O4-f GO, i.e. Fe3O4 nanoparticles, 
APTES-coated Fe3O4 nanoparticles and COOH-f GO (see Chapter 4, section 4.2.2). For 
comparison, an XPS survey scan for the APTES-coated SiO2 nanoparticles was also collected. 
Figure 5.7 (a) revealed that the survey scan collected for Fe3O4 nanoparticles was dominated by 
iron (Fe2p), oxygen (O1s), nitrogen (N1s) and carbon (C1s) signals, with the presence of carbon 
attributing to sample contamination during the manufacture of Fe3O4 [Oroujeni et al., 2018].  
For the survey scan collected for APTES-coated Fe3O4 (see Figure 5.7 (c)), it was found that the 
nitrogen signal increased from 0.91 ± 0.16 % to 3.13 ± 0.99 %. Furthermore, the iron signal 
decreased from 29.94 ± 0.64 % to 10.63 ± 0.99 %, in contrast to Fe3O4, with the additional signal 
observed at 101.8 eV assigned to silica (Si2p). The changes in atomic composition observed for 
the APTES-coated Fe3O4 nanoparticles indicated that the organosilane treatment applied to Fe3O4 
was successful in introducing surface amine groups and coating the core-shell Fe3O4 nanoparticles 
with silica [Catalano et al., 2017]. However, high-resolution N1s (see section 5.2.2.1) and Si2p 
XPS scans (see Appendix F, Figure A.F1) were still required to verify the exact nature of the surface 
functionalities. The survey spectrum collected for Fe3O4-f GO (Figure 5. (d)) revealed the presence 
of a strong carbon signal (67.75 ± 0.14 %) which is consist with the survey spectrum for COOH-f 
GO (see Figure 4.12). Moreover, iron, oxygen and nitrogen peaks were also identified for Fe3O4-f 
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GO with the latter peak observed to have increased from 0.54 ± 0.32 % to 3.59 ± 0.16 % in 
comparison to COOH-f GO.  
 
Figure 5.7: X-ray photoelectron spectroscopy (XPS) survey scans of: (a) Fe3O4 
nanoparticles; (b) APTES-coated SiO2 nanoparticles; (c) APTES-coated 
Fe3O4 nanoparticles; and (d) Fe3O4-f GO, where n = 5. 
5.2.2.1 High resolution C1s, O1s and N1s XPS scans  
Narrow (20 eV) high resolution C1s core-level XPS spectra were acquired for the APTES-coated 
SiO2 nanoparticles, APTES-coated Fe3O4 nanoparticles and Fe3O4-f GO, which are displayed in 
Figures 5.8 (a) to (c), with the total contribution (%) of each identified surface functional group 
summarised in Figure 5.8 (d). The C1s XPS spectra collected for the APTES-coated Fe3O4 
nanoparticles and the APTES-coated SiO2 nanoparticles exhibited similar surface functionalities. 
In total, four components were peak-fitted for the APTES-coated Fe3O4 at 284.2 eV (9.0 ± 
2.0 C1s %), 284.8 eV (51.2 ± 1.8 C1s %), 285.7 eV (32.29 ± 0.98 C1s % and 287.7 eV (7.6 ± 
0.6 C1s %), which correspond to the presence of C-Si, sp3 C-C/C-H, C-N and C=O species, 
respectively [Yang et al., 2014].  
In contrast, the high resolution C1s spectrum collected for Fe3O4-f GO revealed the presence of C-
C/C=C species at 284.6 eV (46.2 ± 1.1 C1s %), C-O species at 286.6 eV (31.36 ± 0.57 C1s %), 
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C=O species at 287.6 (5.3 ± 1.0 C1s %) and π-π species at 290.6 (1.33 ± 0.49  C1s %), which were 
previously observed in the C1s spectrum collected for COOH-f GO (see Chapter 4, Figure 4.15). 
Additional peaks were also observed at 285.6 eV (9.19 ± 0.13 C1s %) and 288.7 eV (6.66 ± 
0.45 C1s %) which were assigned to C-N and N-C=O species, respectively. In addition, the C/O 
ratio was observed to have increased from 1.9 to 2.6 for Fe3O4-f GO indicating that the O-C=O 
surface functionalities present in COOH-f GO were transformed to N-C=O functional groups. This 
demonstrates the success of the EDC.HCl/s-NHS coupling procedure in attaching the APTES-
coated Fe3O4 nanoparticles via an (N-C=O) linkage to the surface of COOH-f GO [Yang et al., 
2015; Rana et al., 2011]. 
 
Figure 5.8: Deconvolution of high resolution C1s X-ray photoelectron spectroscopy (XPS) 
spectra attained for: (a) APTES-coated SiO2 nanoparticles; (b) APTES-coated 
Fe3O4 nanoparticles; and (c) Fe3O4-f GO, (d) the quantification of the total 
contribution of surface functional groups deconvoluted in the high resolution 
C1s XPS scans for (a) to (c), where the data is expressed as mean ± SD (n = 5). 
The corresponding O1s XPS spectra collected for the Fe3O4 nanoparticles, APTES-coated SiO2 
nanoparticles, APTES-coated Fe3O4 nanoparticles and Fe3O4-f GO, are displayed in Figures 5.9 (a) 
to (d), with the total contributions (%) summarised in Figure 5.9 (e). For the bulk Fe3O4, the O1s 
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spectrum was deconvoluted into two peaks centred at 529.9 and 531.2 eV. These were assigned to 
the presence of oxygen (Fe-O) species and surface hydroxyl groups [Yamashita et al., 2008]. 
 
Figure 5.9: Deconvolution of high resolution O1s X-ray photoelectron spectroscopy (XPS) 
spectra attained for: (a) Fe3O4 nanoparticles; (b) APTES-coated SiO2 
nanoparticles; (c) APTES-coated Fe3O4 nanoparticles; and (d) Fe3O4-f GO, (e) 
the quantification of the total contribution of surface functional groups 
deconvoluted in the high resolution O1s XPS scans for (a) to (d), where the data 
is expressed as mean ± SD (n = 5). 
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For APTES-coated Fe3O4, a reduced Fe-O signal was observed at 529.7 eV (48.7 ± 1.7 O1s %), in 
addition to a peak at 532.3 eV. This particular peak was also identified in the O1s spectrum 
collected for the APTES-coated SiO2. As such, this peak was attributed to the presence of Si-O-Si 
species, which is consistent with the FTIR data (see Figure 5.5) and high resolution Si2p XPS scans 
(see Appendix F, Figure A.F1). Moreover, this finding agrees with the previously published XPS 
data for APTES-coated nanomaterials [Fellenz et al., 2017]. The O1s spectrum, collected for 
Fe3O4-f GO, revealed a significantly reduced Fe-O signal at 529.6 eV (18.90 ± 0.27 O1s %). In 
addition, a peak-shift to 531.4 eV (80.14 ± 0.26 O1s %) was observed which was found to 
correspond to the presence of N-C=O species, providing further evidence of amide coupling. This 
was also supported by the N1s XPS spectrum, collected for Fe3O4-f GO (see Figure 5.10 (c)), which 
were found to be consistent with the high resolution N1s spectra collected previously for CONH-f 
GO materials (see Chapter 4, Figure 4.18). 
 
Figure 5.10: Deconvolution of high resolution N1s X-ray photoelectron spectroscopy (XPS) 
spectra attained for: (a) APTES-coated SiO2 nanoparticles; (b) APTES-coated 
Fe3O4 nanoparticles; and (c) Fe3O4-f GO, (d) the quantification of the total 
contribution of surface functional groups deconvoluted in the high resolution 
N1s XPS scans for (a) to (c), where the data is expressed as mean ± SD (n = 5). 
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5.2.2.2 High resolution Fe2p XPS scans 
Further surface analysis, in the form of high resolution Fe2p XPS spectra, were collected for the 
Fe3O4 nanoparticles and the APTES-coated Fe3O4 nanoparticles to determine the iron species 
present in Fe3O4 -f GO (see Figure 5.11 (a) to (c)). Deconvolution of the Fe2p peak led to Fe2p3/2 
and 2p1/2 peaks being observed at ~ 710.5 and ~ 724.4 eV, indicating the presence of Fe
(II) species, 
and at ~ 711.6 and ~ 732.5 eV, which corresponds to the presence of Fe(III) species. As a result, the 
identified peak positions observed for the collected Fe2p spectra were found to agree with those 
previously reported for Fe3O4 nanoparticles [Zhang et al., 2006; Wu et al., 2015; Yamashita et al., 
2008]. Additionally, a weak satellite peak was also identified at ~ 719 eV, indicating the presence 
of a relatively small concentration of maghemite species (γ-Fe2O3) which was observed in the FTIR 
spectrum collected for Fe3O4 (see Figure 5.4) [Jiang et al., 2013]. 
 
Figure 5.11: Deconvolution of high resolution Fe2p X-ray photoelectron spectroscopy 
(XPS) spectra attained for: (a) Fe3O4 nanoparticles; (b) APTES-coated Fe3O4 
nanoparticles; and (c) Fe3O4-f GO, (d) the quantification of the total 
contribution of surface functional groups deconvoluted in the high resolution 
Fe2p XPS scans for (a) to (c), where the data is expressed as mean ± SD (n = 
5). 
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5.2.3 Thermogravimetric analysis (TGA) 
Figure 5.12 displays the TGA plots obtained for the Fe3O4 nanoparticles, APTES-coated Fe3O4 
nanoparticles and Fe3O4-f GO, which were used to quantify the degree of surface functionalisation 
achieved onto the magnetic nanocomposite. Initially, it was observed that the Fe3O4 nanoparticles 
showed a minimal weight loss, with up to 99.9 ± 0.2 % retained after thermal treatment. In contrast, 
for the APTES-coated Fe3O4 nanoparticles a weight loss of 11.9 % was observed, which was 
attributed to the thermal decomposition of the organosilane layer [Yang et al., 2015]. This result 
supports the high resolution N1s XPS scan collected for the APTES-coated Fe3O4 (see section 
5.2.2.1), which overall suggests that a high degree of amine grafting was achieved onto the surface 
of the Fe3O4 nanoparticles. Lastly, for Fe3O4-f GO it was found that an increased degree of thermal 
stability can be achieved in comparison to COOH-f GO (see Chapter 4, section 4.2.3), with the 
obtained weight loss observed to increase from 43.5 ± 1.6 % to 84.2 ± 2.7 %.  
 
Figure 5.12: TGA plots obtained for the Fe3O4 nanoparticles, APTES-f Fe3O4 nanoparticles 
and Fe3O4-f GO, performed with a 10°C min
-1 ramp rate under a N2 
atmosphere; the total weight loss reported as mean ± SD, where n = 2. 
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Table 5.2: Summary of the key surface characterisation data obtained by Raman spectroscopy (ID/IG), X-ray photoelectron spectroscopy (XPS) and 
thermogravimetric analysis (TGA) for Fe3O4 nanoparticles, APTES-coated SiO2 nanoparticles, APTES-coated Fe3O4 nanoparticles and 
Fe3O4-f GO. Values are reported as mean ± SD, where n = number of replicates. 
where Fe3O4 =magnetite, APTES = (3-aminopropyl) triethoxysilane. aData for high-resolution C1s, O1s, N1s, Si2p, Fe2p XPS scans are provided in Appendix F (see Table 
AF.3). 
 
Samples ID/IG ratio  
(n = 676)  
aAtomic composition determined by XPS / % (n = 5) Total TGA 
loss / % 
  (n = 3) 
C O N Si Fe C:O  C:N Fe:O  
Fe3O4 - 13.60 ± 0.17 54.74 ± 0.48 0.91 ± 0.16 - 29.94 ± 0.64 0.25 14.9 0.55 99.9 ± 0.2 
APTES-
coated SiO2 
- 17.69 ± 0.11 44.58 ± 0.16 2.86 ± 0.39 34.87 ± 0.31 - 0.39 6.19 - - 
APTES-
coated 
Fe3O4 
- 18.71 ± 0.37 52.30 ± 1.43 3.13 ± 0.99 14.16 ± 0.11 10.63 ± 0.99 0.36 5.98 0.20 88.1 ± 1.3 
Fe3O4-f GO 1.01 ± 0.06 67.75± 0.14 26.34 ± 0.21 3.59 ± 0.16 0.60 ± 0.03 1.15 ± 0.20 2.6 18.87 0.044 84.2 ± 2.7 
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5.3 Results and Discussion for the Uranium Sorption Data 
5.3.1 Uranium sorption studies  
The final objective for this research was to evaluate the suitability of the magnetic nanocomposite 
(Fe3O4-f GO) for the removal of trace levels of the uranium species present in soil samples collected 
from the Laguna Sirven Deposit, Santa Cruz, Argentina. The following factors are typically studied 
to determine the uranium sorption capabilities (i.e. sorption % and Kd) of sorbent materials: solution 
pH, contact time and sorption affinity towards the target species, which are discussed in sections 
5.3.1.1 and 5.3.1.2. Furthermore, both Langmuir and Freundlich experimental fitting parameters 
were employed to obtain the maximum sorption capacity (Qmax) for Fe3O4-f GO, which were 
compared to the Qmax values attained for the MWCNTs (see Chapter 3, section 3.3.1.3) and GO-
modified sorbent materials (see Chapter 4, section 4.3.1.3).  
5.3.1.1 Effect of pH 
As discussed in Chapter 4 (see section 4.3.1.1), solution pH can strongly affect radionuclide 
speciation and thus, has an impact on the sorption efficiency of GO-modified materials. As a result, 
initial studies involved determining the effect of pH on the sorption capabilities of both the 
unmodified Fe3O4 nanoparticles and Fe3O4-f GO. Figure 5.13 (a) revealed that Fe3O4 has a 
considerably low affinity for uranium, with 17.80 ± 0.64 % sorption and a distribution co-efficient 
(Kd) value of 1.41×10
2 mL g-1 observed at pH 4. In contrast, Figure 5.13 (b) revealed that attaching 
the Fe3O4 nanoparticles to the surface of COOH-f GO to form Fe3O4-f GO lead to an increased 
retention of uranium being observed at pH 4; with 96.8 ± 1.7 (%) sorption and a Kd value 3.1×10
4 
mL g-1.  
 
Figure 5.13: Effect of pH on the uranium sorption (%) and distribution co-efficient (Kd) 
observed for: (a) Fe3O4 nanoparticles; and (b) Fe3O4-f GO. (Experimental 
conditions: initial uranium concentration = 10 mg L-1, S/L ratio = 1 g L-1, pH 
1 – 4, contact time = 24 h). The blue shaded region represents the target Kd 
limits for ‘good’ and ‘outstanding’ sorbent [Fryxell et al., 2005].  
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The high retention suggests that Fe3O4-f GO is highly suitable for use in uranium remediation as 
the Kd value obtained is comparable to the values reported previously for GO (see Chapter 4) and 
meet the requirements for an ‘outstanding’ sorbent material [Fryxell et al., 2005].  
The observed change in pH-sorption behaviour can also be explained by studying the different 
surface functionalities present in both the Fe3O4 nanoparticles and Fe3O4-f GO (see section 5.2.2 
for XPS data). At low solution pH, the hydroxyl groups present on the surface of Fe3O4 
nanoparticles are protonated to form hydroxonium ions (H3O
+), and compete with UO2
2+ species 
for sorption [Sun et al., 1998]. In contrast, for Fe3O4-f GO it was believed that the increased 
presence of carboxyl and amide functionalities lead to a predominantly negatively charged material 
surface, which was capable of favourable electrostatic interactions with UO2
2+ species, as 
previously observed for COOH-f GO (see Chapter 4, section 4.3.1.1).  
5.3.1.2 Effect of contact time and competing ions 
The removal of uranium, as a function of sorption kinetics, was investigated by only varying the 
contact time (5 to 140 min) of Fe3O4-f GO in aqueous solution. Figure 5.14 (a) reveals 13.3 ± 1.4 
% of U was removed within 5 min. However, the sorption efficiency was found to increase rapidly 
once the sorption equilibrium (80 min) was reached, with 90.7 ± 1.5 % of U being removed.  
 
Figure 5.14: Effect of contact time on uranium sorption (%) onto Fe3O4-f GO (Experimental 
conditions: initial uranium concentration = 10 mg L-1, S/L ratio = 1 g L-1, pH 
4, contact time = 5 - 140 min). 
Next, the selectivity of Fe3O4-f GO for uranium removal was evaluated (see Chapter 2, section 
2.5.1 for experimental methodology followed). Figure 5.15 (a) shows that a reduced sorption 
affinity was observed for uranium with the sorption % decreasing from 96.8 ± 1.7 (%) to 43.4± 
2.7 %, once competing ions were introduced to the aqueous solution. Similarly, the corresponding 
Kd values obtained for Fe3O4-f GO decreased from 3.1×10
4 mL g-1, which is indicate of a ‘good’ 
performing sorbent material, to 8.10×102 mL g-1in the multi-component study [Fryxell et al., 2005]. 
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Therefore, it was concluded that the presence of competing ions at low pH, especially thorium has 
an adverse impact on sorption by being in competition with UO2
2+ species [Zhou et al., 2014].  
 
Figure 5.15: (a) The sorption (%) of U over Mg, Co, Zn, Sr, Pb and Th onto Fe3O4-f GO; 
(b) the variation of the distribution coefficient (Kd) values for uranium 
observed due to the presence of competing ions. (Experimental conditions: 
uranium concentration = 50 μg L-1, S/L ratio = 1 g L-1, pH 4, contact time = 24 
h).  
5.3.1.3 Sorption isotherm plot for Fe3O4-f GO 
The sorption isotherm plot obtained for Fe3O4-f GO is displayed in Figure 5.16, which was used to 
investigate the effect of increasing uranium concentration (Ce) on the sorption performance of 
Fe3O4-f GO. Initially, a rapid increase in the sorption capacity (Qe) was observed once the Ce of the 
solution reached between 7.2 – 55.2 mg L-1 with over 89.2 mg g-1 of uranium removed.  
 
Figure 5.16: Uranium sorption isotherm plot for Fe3O4-f GO. (Experimental conditions: 
initial uranium concentration (Ci) = 0.1 - 60 mg L
-1, S/L ratio = 1 g L-1, pH 4, 
contact time = 24 h).  
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Overall, it was found that the combination of both the high sorption capability of COOH-f GO 
and magnetic separation (i.e. the attachment of Fe3O4 nanoparticles) is a feasible approach for 
uranium remediation. 
Next, the experimental data attained in Figure 5.16 were fitted using both the Langmuir and 
Freundlich isotherm models (see Figure 5.17) with the data obtained summarised in Table 5.3. 
Overall, it was determined that the correlation coefficient (R2) of the Langmuir isotherm plot 
(0.9819) was better suited in describing the sorption process. This suggests that a monolayer 
coverage of uranium is formed on the surface of Fe3O4-f GO and thus, inner-sphere surface 
complexation with UO2
2+ is the most dominant sorption process observed. In addition, the 
calculated value for the separation factor (RL) is in the range of 0.11 – 0.98 further confirming 
the favourable sorption process observed for Fe3O4-f GO.  
 
Figure 5.17: The Langmuir (a) and Freundlich (b) isotherm plots for the removal of uranium 
by Fe3O4-f GO. (Experimental conditions: uranium concentration (Ci) = 0.1 - 
60 mg L-1, S/L ratio = 1 g L-1, pH 4, contact time = 24 h).  
Table 5.3: Langmuir and Freundlich isotherm model parameters attained for U sorption onto 
Fe3O4-f GO. 
where Qmax = maximum sorption capacity, KL = Langmuir constant, KF = Freundlich constant and n = sorption 
intensity.   
 Langmuir model Freundlich model 
Sample Qmax / mg g-1 KL / L mg-1 R2 KF / L mg-1 n R2 
Fe3O4-f GO 98.04 0.142 0.9819 9.632 1.503 0.8552 
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The maximum sorption capacity (Qmax) obtained from the Langmuir isotherm plot for Fe3O4-f GO 
was determined to be 98.04 mg g-1. This finding suggests that Fe3O4-f GO is a more effective 
sorbent material for uranium removal in comparison to carboxyl-functionalised (COOH-f) 
MWCNTs, which were first discussed in Chapter 3 (see Table 3.3) and unmodified Fe3O4 
nanoparticles (see Table 1.3) [Das et al., 2010]. However, the result also implies that a loss of 
loading capacity was observed once the COOH-f GO sheet is functionalised with Fe3O4 
nanoparticles. 
5.3.1.4 Selective sorption of uranium from environmental samples 
Next, batch sorption experiments were completed to evaluate the impact of complex environmental 
sample matrices on the uranium removal capabilities of Fe3O4-f GO. For this study, environmental 
soil samples (Site 9 – Site YA) were collected from the Laguna Sirven Deposit, Santa Cruz, 
Argentina (see section 5.1.5) and were sequentially-extracted (see section 5.1.5.1). The elemental 
concentrations (µg L-1) of uranium and the competing ions of interest (As, V and Th), which are 
typically present in soil samples associated with the geochemistry of U, are reported for each of the 
samples in Table 5.1. For arsenic and uranium, the concentrations determined for each of the 
samples ranged between 550 – 8320 μg L-1 As and 140 – 310 μg L-1 U, respectively. Additionally, 
the vanadium and thorium levels were found to vary, ranging from 630 – 20000 μg L-1 V to 18 - 
410 μg L-1 Th, respectively.  
Figures 5.18 (a) to (b) display the sorption (%) and distribution co-efficient (Kd) obtained for each 
of the sampling sites selected for batch sorption studies with Fe3O4-f GO (see section 4.1.5 for the 
experimental methodology followed). In general, the results showed that a maximum of 86.7 ± 2.3 
% of uranium was retained at Site YA, which interestingly reported the highest uranium and 
thorium levels of all of the sites studied. This was confirmed by radiological measurements made 
at the time of sampling (Berg, 2016). This finding also compares relatively well to the sorption % 
obtained in the single-component study (96.8 ± 1.7 %) for Fe3O4-f GO (see section 5.3.1.2). 
Furthermore, the results from this study confirm that a higher affinity for competing ions, in 
particular thorium, was attained with Fe3O4-f GO with sorption % values ranging between 
95.57 ± 0.37 - 98.64 ± 0.95 %. This increase in thorium affinity was attributed to the formation of 
positively charged and stable thorium complexes, such as, Th4+ at low acidic pH. As such, the Th(IV) 
species were likely competing with the UO2
2+ species present in aqueous solution [Zhou et al., 
2014]. The corresponding Kd values obtained for Fe3O4-f GO ranged between 
1.3×103 to 7.4×103 mL g-1, which indicate that the sorbent material showed a strong affinity for 
uranium in solution (at pH 4) and thus, is suitable for the separation and removal of trace-level 
uranium species (typically at concentrations of 140 – 310 μg L-1). However, it is worth noting that 
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the Kd values obtained for this study are noticeably lower than those previously reported for Fe3O4-
f GO in the single-component study (see section 5.3.1.1). 
 
Figure 5.18: Evaluation of the sorption performance of for the removal of: (a) sorption (%) 
and (b) the distribution co-efficient (Kd) of Fe3O4-f GO in environmental 
samples from the Laguna Sirven Deposit, Santa Cruz, Argentina. 
(Experimental conditions: S/L ratio = 1 g L-1, pH 4, contact time = 24 h). Note 
the purple region represents the sorption values (% and Kd) obtained from the 
single-component (uranium (U)) study and the grey region represents the 
sorption values (% and Kd) obtained from multi-component (multi-element 
standard (MES)) study. 
5.4 Summary 
A novel magnetic graphene oxide nanocomposite (Fe3O4-f GO) was prepared for the rapid and 
efficient removal of uranyl species (UO2
2+) present in environmental samples. The nanocomposite 
was prepared by firstly synthesising (3-aminopropyl) triethoxysilane (APTES)-coated magnetite 
(Fe3O4) nanoparticles (Figure 5.2). The APTES-coated Fe3O4 nanoparticles were then attached to 
the surface of carboxyl-functionalised graphene oxide (COOH-f GO) by applying the 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide) hydrochloride/N-hydroxysulphosuccinimide (EDC.HCl/s-
NHS) activated coupling protocol (Figure 5.3). Functionalisation of COOH-f GO was confirmed 
by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) 
measurements, which revealed that the amine groups present in APTES-coated Fe3O4 were 
covalently attached to the surface of COOH-f GO via an amide linkage.  
The uranium sorption data attained for Fe3O4-f GO, i.e. the sorption (%) and the distribution co-
efficient (Kd, mL g
-1), was determined by inductively coupled plasma mass spectrometry (ICP–
MS) measurements. The results showed that Fe3O4-f GO exhibited increased retention of uranium 
with 90.7 ± 1.5 % removed (under 80 min at an optimum pH of 4) (sections 3.3.1.2). The sorption 
capacity of Fe3O4-f GO for uranium was obtained by fitting the sorption data with the Langmuir 
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isotherm model (section 5.3.1.3), which is routinely used to determine the maximum sorption 
capacity (Qmax, mg g
-1) of sorbent materials. The Qmax obtained for Fe3O4-f GO was determined to 
be 98.04 mg g-1, which is much higher than the Qmax previously reported in this work for 
functionalised multi-walled carbon nanotubes (f-MWCNTs) (Chapter 3, section 3.4) and 
previously reported in the literature for unmodified Fe3O4 nanoparticles (see Table 1.3) [Das et al., 
2010].  
Lastly, it was found that the combination of both the high sorption capacity of COOH-f GO and a 
magnetic separation step (aided by Fe3O4 nanoparticles) is a feasible and practical approach for 
uranium remediation. This was demonstrated by selectivity studies with environmental soil 
samples, which have been shown previously to be associated with uranium deposits (section 
5.2.1.4) [Berg, 2016]. The study showed that a maximum of 86.7 ± 2.3 % of uranium can be 
effectively removed by Fe3O4-f GO from aqueous solution, which contained up to 410 μg L
-1and 
310 μg L-1 of thorium and uranium, respectively.  
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6.0 Conclusions 
The aim of this research was to investigate the feasibility of hybrid sorbent materials, i.e. 
functionalised carbon-based nanomaterials, for the selective treatment of aqueous nuclear waste. 
Much of the existing research on nuclear waste treatment (see Chapter 1, section 1.3) has focused 
primarily on the use of ion-exchange and extraction chromatography techniques for the removal of 
uranium in aqueous solution [Maiti et al., 1992; Kumar et al., 2011; Choppin and Morgenstern, 
2000]. However, such systems have been shown to suffer from low selectivity and loading capacity 
for target radionuclide species in the presence of competing ions [Katsoyiannis and Zouboulis, 
2013; Rosenberg et al., 2016]. Thus, given real-world demands for more efficient and selective 
radiochemical separation techniques, there exists a pertinent need to explore new techniques. One 
such technique is sorption through the use of carbon-based nanomaterials. Previous work has 
shown that unmodified forms of multi-walled carbon nanotubes (MWCNTs) and graphene oxide 
(GO) are promising sorption materials for nuclear waste treatment [Schierz and Zänker, 2009; 
Romanchuk et al., 2013]. As such, a programme of research was proposed to design, synthesise and 
characterise functionalised MWCNTs and GO materials via structural analysis in the form of 
statistical Raman mapping, surface analysis via high resolution X-ray photoelectron spectroscopy 
(XPS), zeta-(ζ)-potential (surface charge) measurements and thermogravimetric analysis (TGA) 
(see Chapters 3, 4 and 5; sections 3.2, 4.2 and 5.2). Finally, the uranium sorption behaviour of each 
functionalised material was then assessed via batch sorption experiments with solution analysis by 
inductively coupled plasma mass spectroscopy (ICP-MS) (see Chapters 3, 4 and 5; sections 3.3, 
4.3 and 5.3). 
In Chapter 3, liquid-phase chemical oxidation, superoxidation, reduction and amidation treatments 
were applied to pristine (unmodified) forms of MWCNTs (see section 3.1 and Figure 3.3). This 
was done to assess the suitability of functionalised MWCNTs for the removal of uranium from 
aqueous solution. Structural and surface analysis of each functional material revealed that the 
synthesis procedures applied to pristine MWCNTs were successful in grafting carboxyl (COOH), 
hydroxyl (OH) and amide (CONH) surface groups to form COOH-f MWCNTs, OH-f MWCNTs 
and CONH-f MWCNTs, respectively. In particular, XPS analysis revealed that a substantial 
oxygen and nitrogen signal was observed for COOH-f MWCNTs, OH-f MWCNTs and CONH-f 
MWCNTs, in comparison to pristine MWCNTs (see Table 3.1). Next, the sorption behaviour of 
each material was studied in detail. This was achieved by investigating the effect of solution pH 
and competing ions (Mg, Co, Zn, Sr, Pb and Th) on the uranium sorption % and the distribution 
co-efficient (Kd) of each material (sections 3.3.1.1 – 3.3.1.2). Overall, the sorption studies revealed 
that COOH-f MWCNTs are most effective in removing uranium from aqueous solution with a Kd 
of 3.1×104 mL g-1 observed at pH 4 and 93.8 ± 3.3 % sorption achieved under 140 min.   
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Additionally, it was found that the presence of competing ions lead to a considerable decrease in 
the selectivity of MWCNTs with the U sorption % dropping to 12.6 ± 1.0 % (see Figure 3.18). 
Based on these results, it was concluded that functionalised MWCNTs are not best-suited for use 
as sorption materials for uranium removal, specifically in complex matrix solutions, such as nuclear 
waste.  
In Chapter 4, the use of GO and functionalised GO sorption materials was evaluated using the same 
analytical methodology outlined in Chapter 3. However, the main focus of this chapter was to 
assess the effect of introducing chelating ligands, namely, ethylenediamine (EDA), o-
phenylenediamine (o-PDA) and 4’ amino dibenzo-18 crown ether 6 (NH2 DB18CE6) onto the 
surface of carboxyl-functionalised (COOH-f) GO (see Figure 4.4). This was done to see if an 
enhanced degree of uranium removal could be achieved with functionalised GO in comparison to 
functionalised MWCNTs, specifically, in the presence of competing ions. Overall, it was 
determined that an increased degree of selectivity was achieved with functionalised GO, in 
comparison to unmodified GO and functionalised MWCNTs, with the U sorption % ranging 
between 46.30 ± 0.60 to 76.90 ± 0.70 % (see Table 4.5). Additionally, it was found that of all the 
sorption materials tested, COOH-f GO, exhibited the highest loading capacity (Qmax) for uranium. 
One of the main objectives of this research project was to assess the suitability of carbon-based 
nanomaterials for treating challenging sample matrices relevant to nuclear reprocessing facilities 
(see section 4.3.1.4). Therefore, the sorption performance of COOH-f GO was tested in the 
presence of a high salinity aqueous waste sample supplied by Sellafield, UK. Overall, this particular 
study demonstrated that even after pH-adjustment, a higher affinity for competing ions was still 
observed with 85.0 ± 6.9 %, 82.5 ± 5.2 % and 87.5 ± 4.9 % of Mg, Sr and Pb removed by COOH-
f GO, respectively (see Figure 4.33).  
In Chapter 5, it was found that combining the high sorption capability of COOH-f GO for uranium 
with magnetic separation was an effective and practical approach for uranium remediation. This 
was demonstrated by batch sorption studies using sequentially-extracted (with surface water) soil 
samples from the Laguna Sirven Deposit, Santa Cruz, Argentina (section 5.1.5). Overall, the results 
showed that Fe3O4-f GO can remove up to 86.7 ± 2.3 % of uranium from aqueous solution (see 
Figure 5.18). 
In conclusion, the work described in this thesis has shown that functionalised carbon-based 
nanomaterials are feasible alternatives for use in nuclear waste treatment. Additionally, the research 
described in this thesis has further advanced understanding into the effect of surface 
functionalisation on the uranium sorption capabilities of MWCNTs and GO, which could find use 
in many different future applications, including environmental remediation.   
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6.1 Suggested Future Work 
This research project has highlighted the suitability of carbon-based nanomaterials, namely, graphene 
oxide (GO), for use in both nuclear waste and environmental remediation. Much of the work presented 
in this thesis has focused on enhancing the selectivity of GO via chemical functionalisation with amine-
containing ligands, such as, ethylenediamine (EDA), o-phenylenediamine (o-PDA) and 4’ amino 
dibenzo-18 crown ether 6 (NH2 DB18CE6) for the removal of uranium in aqueous solution. However, 
additional studies on the suitability of other ligand systems would be of interest for this work to 
overcome the challenges observed with competing ions present in nuclear waste solution (Chapter 4, 
section 4.3.1.4). For instance, a promising system designed for selective uranyl extraction are 
phosphonate-containing ligands e.g. DPPP (Chapter 1, section 1.3.1). As such, further exploration of 
this research area could enable for enhanced hybrid GO sorbent materials to be developed, which are 
well-suited for use in sample matrices relevant to uranium remediation.  
Although, a series of characterisation techniques were used to study both the structural and surface 
changes observed in GO after chemical functionalisation (Chapter 2). Further insight into the effect on 
the surface area and thickness, via Brunauer–Emmett–Teller (BET) surface analysis and atomic force 
microscopy (AFM) measurements, respectively, are recommended for further research. The use of both 
techniques would provide a greater understanding into the influence these key surface properties have 
on the sorption performance of functionalised-GO sorbent materials.  
Lastly, it would be of great interest to see if other target radionuclides relevant to nuclear waste 
treatment could be effectively removed by GO-based sorption materials (see Table 1.2). This is due to 
the limited number of research papers reporting on the removal of plutonium (Pu(IV)), americium 
(Am(III)) and anionic radionuclides, such as iodide (I-) and iodate (IO3-) by GO-based sorption materials. 
Therefore, further research into the development of GO materials functionalised with chelating ligands 
known to favourable complex with these key radionuclides would be useful in expanding capabilities 
for nuclear waste treatment. Another important area of research, which was not explored in this thesis, 
is long-term dissolution studies of GO to determine its performance in conditions relevant to nuclear 
waste reprocessing facilities (see Chapter 1, section 1.2.1). The current strategy in place in the UK for 
long-term disposal of materials used for high-level waste (HLW) treatment or intermediate-to-low level 
waste (ILW/LLW) treatment is waste encapsulation followed by long-term disposal into a geological 
disposal facility (GDF) or a low-level waste repository (LLWR), respectively (see Chapter 1, section 
1.2.1) [NDA, 2014]. Therefore, if GO-based materials are to be considered in the future for nuclear 
waste treatment, long-term studies into the effect of encapsulating GO into materials, such as glass for 
HLW or cement for ILW/LLW, respectively, need to be thoroughly assessed. 
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Appendix A: Review of Uranium and Actinium Decay Series for Chapter 1 
Table AA.1: Selected properties and standard detection techniques used for alpha (α) - and 
beta (𝛽) - emitting radionuclides found in the uranium decay series. [Lehto and 
Hou, 2011]. 
Radionuclide  Decay mode (s)  Half-Life 
(t1/2) 
Decay 
Energy / keV  
Detection 
Techniques  
238U Α  4.47 x109 
y  
4270  α-S, LSC, ICP-MS  
234Th  𝛽-  24 d  273  LSC, ICP-MS  
234Pa  𝛽-  6.7 h  2197  LSC  
234U  Α  2.46 x 105 
y  
4859  α-S, LSC, ICP-MS  
230Th  Α  75380 y  4770  α-S, LSC, ICP-MS  
226Ra*  Α  1602 y  4871  α-S, LSC  
222Rn  Α  3.8 d  5590  α-S, LSC  
218Po  α (99.98)  
𝛽- (0.02%)  
3.1 min  6874  
2883  
α-S, LSC  
218At  α (99.90)  
𝛽- (0.10%)  
1.5 s  6874  
2883  
α-S, LSC  
218Rn  α   0.035 s  7263  α-S, LSC  
214Pb  𝛽-  27 min  1024  LSC  
214Bi  𝛽- (99.98%)  
α (0.02%)  
20 min  3272  
5617  
α-S, LSC  
214Po  Α  0.00016 s  7883  α-S, LSC  
210Tl  𝛽-  1.3 min  5484  LSC  
210Pb  𝛽-  22.3 y  64  LSC  
210Bi  𝛽- 
(99.999868%)  
α (0.000132%)  
5.0 d  1426  
5982  
α-S, LSC  
210Po  Α  138 d  5407  α-S, LSC  
206Tl  𝛽-  4.2 min  1533  LSC  
206Pb  stable (non-radioactive) nuclide 
where y = years, d = days, h = hours, min = minutes, s = seconds, α-S = alpha spectrometry, β-spectrometry, LSC 
= liquid scintillation counting, ICP-MS = inductively coupled plasma-mass spectrometry. 
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Table AA.2: Selected properties and standard detection techniques used for alpha (α) - and 
beta (𝛽) - emitting radionuclides found in the uranium decay series. [Lehto and 
Hou, 2011]. 
Radionuclide  Decay mode (s)  Half-Life 
(t1/2) 
Decay 
Energy / keV  
Detection 
Techniques  
235U  α  7.1 x108 y  4678  α-S, LSC, ICP-
MS  
231Th  𝛽-  26 h  391  LSC, ICP-MS  
231Pa  α  32760 y  5150  α-S  
227Ac  𝛽- (98.62%) α 
(1.38%)  
22 y  45  
5042  
α-S  
227Th  α  19 d  6147  α-S, LSC, ICP-
MS  
223Fr   𝛽-  22 min  1149  LSC  
223Ra α  11 d  5979  α-S, LSC  
219Rn  α   4.0 s  6946  α-S, LSC  
215Po  α (99.99977)  
𝛽-  (0.00023%)  
0.0018 s  7527  
715  
α-S, LSC  
215At  α   0.0001 s  8178  α-S, LSC  
211Pb  𝛽-  36 min  1367  LSC  
211Bi  𝛽- (99.724%) 
α (0.276%)  
2.1 min  6751  
575  
α-S, LSC  
211Po  α  0.516 s  7595  α-S, LSC  
207Tl  𝛽-  4.8 min  1418  LSC  
207Pb  stable (non-radioactive) nuclide  
where y = years, d = days, h = hours, min = minutes, s = seconds, α-S = alpha spectrometry, LSC = liquid 
scintillation counting, ICP-MS = inductively coupled plasma mass spectrometry. 
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Appendix B: Material Documentation for Chapter 4 
Digital photograph for: (a) commercial and (b) lab-produced graphene oxide (GO) thin films; and 
manufacturer data sheet provided by supplier Graphenea (San Sebastian, Spain). 
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Appendix C: Statistical Analyses of Analytical Results 
The following analyses were completed to evaluate the data presented in this work. All statistical 
tests were completed using Origin Pro 2016 (OriginLab, Northampton, MA, USA). 
C1. Mean 
The arithmetic mean is defined as the measure of the average value calculated for the sample 
population.  
?̅? =
∑ 𝑥𝑖
𝑛
        
Equation AC.1: Arithmetic mean (?̅?) 
where ?̅? = arithmetic mean, xi = individual dataset and n = number of samples. 
C2. Standard Deviation 
The standard deviation is defined as the measure of the sample variation across the sample 
population. 
 
s = √∑
(𝑥𝑖 − 𝑥)̅̅ ̅2
(𝑛 − 1)
𝑖
        
Equation AC.2: Standard deviation (s) 
where s = standard deviation, xi = individual dataset and n = number of samples. 
C3. F-test and comparison of experimental means  
The following statistical tests were applied to this work to compare structural integrity of lab-
produced and commercial GO (see Chapter 4, Table 4.2). Initially, a 2-Sided F-test was completed 
by testing the significant difference between the standard deviation of both sample data sets at 
p = 0.05. The calculated F-value (Fcalc) is determined by calculating the ratio of the squares of the 
standard deviation (s1) and (s2) so that Fcalc is always > 1. 
𝐹𝑐𝑎𝑙𝑐 =
𝑠1
2
𝑠2
2    
Equation AC.3: F-statistic value 
where Fcalc = calculated F-value, s1 = standard deviation of sample 1 and s2 = standard deviation of 
sample 2. 
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The degrees of freedom (dof) for both s1 and s2 are assumed to be n1 - 1 and n2 - 1. If the Fcalc is 
found to exceed the critical F-value (Fcrit) obtained from the F-distribution table then the null 
hypothesis is rejected. Thus it is assumed that the sample variance i.e. standard deviation between 
both samples are significantly different at p = 0.05 [Miller and Miller. 2018]. The experimental 
means can be compared to test if the experimental value attained for a new material is significantly 
different from a second (reference) value. For this study, a 2-tailed t-test (Student’s) the following 
equation was used to calculate the t-value, which is for samples with significantly different standard 
deviation values (see F-test): 
|𝑡𝑐𝑎𝑙𝑐| =  
(𝑥1 − 𝑥2)
√
𝑠1
2
𝑛1
+ 
𝑠2
2
𝑛2
                  dof =  
(
𝑠1
2
𝑛1
+ 
𝑠2
2
𝑛2
)2
𝑠1
4
𝑛1
2(𝑛1 − 1)
+ 
𝑠2
4
𝑛2
2(𝑛2 − 1)
       
Equation AC.4: t-statistic value 
where tcalc = calculated t-value, ?̅?1 experimental mean of sample 1, ?̅?2 experimental mean of sample 
2, s1 = standard deviation of sample 1, s2 = standard deviation of sample 2, dof = degrees of freedom, 
n = number of samples. 
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Appendix D Fourier Transform Infrared Spectroscopy Data (Chapter 4) 
 
Figure AD.1: Surface functionalities identified for ethylenediamine (EDA), o-phenylenediamine (o-PDA) and 4’ amino dibenzo-18 crown ether 6 
(NH2 DB18CE6), where n = 64.
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Appendix E Raman Spectroscopy Data (Chapters 3, 4 and 5) 
Table AE.1: Summary of Lorentzian peak parameters attained for samples reported in Chapter 3. Values are expressed as mean ± SD (n = 3). 
 
Sample Raman band Peak position / cm-1 FWHM / cm-1 
 
 
Pristine MWCNTs 
D  1344 ± 2 75 ± 1 
G 1580 ± 3 61 ± 1 
D’ 1607 ± 1 21 ± 1 
2D 2669 ± 3 109 ± 2 
D+G 2909 ± 1 119 ± 2 
 
 
Acid-treated MWCNTs 
D 1350 ± 1 56 ± 0.4 
G 1586 ± 0.4 53 ± 1 
D’ 1618 ± 1 18 ± 1 
2D 2690 ± 1 87 ± 2 
D+G 2935 ± 1 119 ± 2 
 
 
COOH-f MWCNTs 
D 1353 ± 1 58 ± 0.7 
G 1586 ± 0.5 56 ± 2 
D’ 1610 ± 0.5 21 ± 1 
2D 2681 ± 1 90 ± 2 
D+G 2922 ± 1 94 ± 2 
 
 
OH-f MWCNTs 
D 1345 ± 1 59 ± 2 
G 1582 ± 3 53 ± 1 
D’ 1612 ± 4 21 ± 3 
2D 2682 ± 2 88 ± 2 
D+G 2923 ± 4 94 ± 4 
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Table AE1. continued…  
Table AE.2: Summary of Lorentzian peak parameters attained for samples reported in Chapter 4. Values are expressed as mean ± SD (n = 3). 
 
 
CONH-f MWCNTs 
D 1351 ± 1 59 ± 0.4 
G 1586 ± 4 55 ± 1 
D’ 1610 ± 4 20 ± 0.5 
2D 2679 ± 3 91 ± 3 
D+G 2920 ± 2 101 ± 2 
Sample Raman band Peak position / cm-1 FWHM / cm-1 
 
 
Graphite 
D 1350 ± 1 40 ± 2 
G 1580 ± 2 15 ± 1 
D+D 2450 ± 2 26 ± 1 
2D1 2678 ± 3 44 ± 1 
2D2 2718 ± 2 35 ± 1 
 
 
Lab-produced GO 
D 1353 ± 2 181 ± 1 
G 1585 ± 3 82 ± 1 
2D 2686 ± 4 413 ± 2 
D+G 2928 ± 5 267 ± 1 
 
 
Commercial GO 
D 1355 ± 1 164 ± 1 
G 1589 ± 3 80 ± 2 
2D 2702 ± 4 142 ± 2 
D+G 2911 ± 2 149 ± 1 
Appendix E 
169 
Table AE2. continued…  
Table AE.3: Summary of Lorentzian peak parameters attained for samples reported in Chapter 5. Values are expressed as mean ± SD (n = 3). 
 
 
 
COOH-f GO 
D 1355 ± 1 186 ± 1 
G 1586 ± 3 86 ± 1 
2D 2686 ± 2 226 ± 1 
D+G 2908 ± 1 174 ± 6 
 
 
EDA-f GO 
D 1351 ± 2 183 ± 1 
G 1585 ± 4 85 ± 0.2 
2D 2676 ± 2 264 ± 2 
D+G 2919 ± 2 272 ± 2 
 
 
o-PDA-f GO 
D 1353 ± 4 196 ± 1 
G 1583 ± 1 86 ± 0.6 
2D 2689 ± 5 259 ± 6 
D+G 2904 ± 4 135 ± 5 
 
 
NH2 DB18CE6-f GO 
D 1352 ± 2 197 ± 1 
G 1582 ± 4 90 ± 0.2 
2D 2682 ± 2 304 ± 2 
D+G 2918 ± 2 250 ± 1 
Sample Raman band Peak position / cm-1 FWHM / cm-1 
 
 
Fe3O4-f GO 
D 1350 ± 2 225 ± 1 
G 1585 ± 4 86 ± 1 
2D 2663 ± 2 270 ± 2 
D+G 2920 ± 2 380 ± 1 
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Appendix F High Resolution X-ray Photoelectron Spectroscopy Data (Chapters 3, 4 and 5) 
 
Figure AF.1: Deconvolution of high resolution Si2p X-ray photoelectron spectroscopy (XPS) spectra attained for: (a) APTES-coated SiO2 
nanoparticles; (b) APTES-coated Fe3O4 nanoparticles; and (c) Fe3O4-f GO, (d) the quantification of the total contribution of surface 
functional groups deconvoluted in the high resolution Si2p XPS scans for (a) to (c), where the data is expressed as mean ± SD (n = 5). 
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Table AF.1: Analysis of deconvoluted C1s peaks obtained from X-ray photoelectron spectroscopy measurements with the binding energy (eV), peak 
area (eV) and relative peak area (%) obtained for samples reported in Chapter 3. Values are expressed as mean ± SD (n = 5). 
  
Sample XPS Parameter C1s peak-fitting data 
C-C/C=C C-O C-N C=O R-C=O π-π* 
Pristine 
MWCNTs 
Mean binding energy / eV 284.6 286.1 - 287.5 - 291.2 
Peak area / eV 2.2 ×105 ± 0.0066 4.8 ×104 ± 0.12 - 1.9 ×103± 
0.0018 
- 8.1 ×103 ± 0.12 
Relative peak area / % 79.46 ± 0.83 16.97 ± 0.74 - 0.69 ± 0.26 - 2.88 ± 0.41 
Acid-treated 
MWCNTs 
Mean binding energy / eV 284.8 285.9 - 287.3 288.7 291.4 
Peak area / eV 1.5 ×104 ± 0.0048 8.0 ×103 ± 0.030 - 1.8 ×103 ± 0.014 2.8 ×103 ± 0.013 1.7 ×103± 0.0039 
Relative peak area / % 51.94 ± 0.31 27.04 ± 0.38 - 5.95 ± 0.77 9.36 ± 0.45 5.71 ± 0.23 
COOH-f 
MWCNTs 
Mean binding energy / eV 284.6 286.1 - 287.9 288.9 290.6 
Peak area / eV 1.1 ×104 ± 0.010 9.0 ×103 ± 0.034 - 1.0 ×103 ± 
0.0078 
2.3 ×103 ± 0.011 5.9 ×102 ± 0.014 
Relative peak area / % 46.61 ± 0.91 37.14 ± 0.38 - 4.19 ± 0.77 9.64 ± 0.45 2.42 ± 0.23 
OH-f 
MWCNTs 
Mean binding energy / eV 284.6 285.8 - 287.6 288.8 291.1 
Peak area / eV 1.0 ×104 ± 0.0085 5.9 ×103 ± 0.0049 - 1.1 ×102 ± 
0.0022 
1.4 ×103 ± 0.064 7.0 ×102 ± 0.014 
Relative peak area / % 55.6 ± 2.4 32.40 ± 0.23 - 0.61 ± 0.057 7.5 ± 1.4 3.87 ± 0.59 
CONH-f 
MWCNTs 
Mean binding energy / eV 284.6 285.4 286.5 288.2 289.5 291.5 
Peak area / eV 1.6 ×104 ± 0.0057 4.5 ×103 ± 0.0037 3.6 × 103± 
0.0079  
1.9 ×103 ± 0.012 8.8 ×102 ± 0.058 8.2 ×102 ± 0.064 
Relative peak area / % 57.03 ± 1.04 16.50 ± 0.23 13.28 ± 0.22 6.9 ± 0.61 3.24 ± 0.66 3.01 ± 0.80 
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Table AF.2: Analysis of deconvoluted O1s peaks obtained from X-ray photoelectron spectroscopy measurements with the mean binding energy (eV), 
peak area (eV) and relative peak area (%) obtained for samples reported in Chapter 3. Values are expressed as mean ± SD (n = 5). 
 
  
Sample XPS Parameter O1s peak-fitting data 
C=O C-O O-C=O N-C=O 
Pristine 
MWCNTs 
Mean binding energy / eV 530.9 532.7 - - 
Peak area / eV 4.2 ×103 ± 0.014 3.7 ×103 ± 0.010 - - 
Relative peak area / % 53.3 ± 1.7 46.7 ± 1.5 - - 
Acid-treated 
MWCNTs 
Mean binding energy / eV 530.8 532.9 535.8 - 
Peak area / eV 3.6 ×103 ± 0.019 2.2 ×103 ± 0.0094 2.7 ×102 ± 0.055 - 
Relative peak area / % 59.0 ± 2.8 36.0 ± 2.2 4.45 ± 0.11 - 
COOH-f 
MWCNTs 
Mean binding energy / eV 530.8 532.6 535.1 - 
Peak area / eV 4.1 ×103 ± 0.016 2.4 ×103 ± 0.014 5.7 ×102 ± 0.0056 - 
Relative peak area / % 57.93 ± 0.41 33.89 ± 0.60 8.17 ± 0.98 - 
OH-f 
MWCNTs 
Mean binding energy / eV 530.9 532.6 535.8 - 
Peak area / eV 4.9 ×103 ± 0.031 8.9 ×103 ± 0.060 9.1 ×101 ± 0.0012 - 
Relative peak area / % 35.32 ± 0.63 64.04 ± 0.68 0.65 ± 0.014 - 
CONH-f 
MWCNTs 
Mean binding energy / eV - 532.4 535.1 531.4 
Peak area / eV - 2.6 ×103 ± 0.024 2.9 ×102 ± 0.02 3.8 ×103 ± 0.040 
Relative peak area / % - 38.51 ± 0.95 4.42 0 ± 0.91 57.07 ± 1.1 
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Table AF.3: Analysis of deconvoluted N1s peaks obtained from X-ray photoelectron spectroscopy measurements with the mean binding energy (eV), 
peak area (eV) and relative peak area (%) obtained for samples reported in Chapter 3. Values are expressed as mean ± SD (n = 5). 
 
Table AF.4: Analysis of deconvoluted C1s peaks obtained from X-ray photoelectron spectroscopy measurements with the mean binding energy (eV), 
peak area (eV) and relative peak area (%) obtained for samples reported in Chapter 4. Values are expressed as mean ± SD (n = 5). 
  
Sample XPS Parameter N1s peak-fitting data 
C-NH2 C-NH-C N-C=O 
CONH-f 
MWCNTs 
Mean binding energy / eV 398.6 399.8 401.6 
Peak area / eV 1.8 ×102 ± 0.055 1.0 ×103 ± 0.0010 4.7 ×102 ± 0.015 
Relative peak area / % 10.9 ± 1.20 60.95 ± 0.04 28.1 ± 1.3 
Sample XPS Parameter C1s peak-fitting data 
C-C/C=C C-O C-N C=O R-C=O π-π* 
Graphite Mean binding energy / eV 284.6  286.5  - - - 291.2 
Peak area / eV 2.5 ×105 ± 0.023 3.6 ×104 ± 0.0097 - - - 4.6 ×103 ± 0.0031 
Relative peak area / % 86.14 ± 2.59 12.30 ± 0.77 - - - 1.56 ± 0.27 
GO Mean binding energy / eV 284.6 286.6 - 287.9 288.7 290.3 
Peak area / eV 1.0 ×105 ± 0.013 1.4 ×105 ± 0.14 - 1.5 ×104 ± 0.027 8.7 ×103 ± 0.0070 6.5 ×103 ± 0.0019 
Relative peak area / % 37.15 ± 0.37 52.0 ± 2.8 - 5.36 ± 1.8 3.14± 0.81 2.35 ± 0.29 
COOH-f GO Mean binding energy / eV 284.6 286.6 - 287.9 288.9 290.6 
Peak area / eV 1.1 ×105 ± 0.037 8.2 ×104 ± 0.031 - 4.1 ×104 ± 0.032 3.4 ×103 ± 0.015 1.2 ×103 ± 0.0027 
Relative peak area / % 48.38 ± 0.88 33.1 ± 1.1 - 16.63 ± 0.77 1.37 ± 0.45 0.48 ± 0.011 
EDA-f GO Mean binding energy / eV 284.5 285.5 286.4 288.0 289.1 291.0 
Peak area / eV 8.3 ×104 ± 0.10 3.5 ×104 ± 0.081 5.6 ×104 ± 0.076 1.7 ×104 ± 0.010 1.9 ×103 ± 0.0067 4.3 ×102 ± 0.0035 
Relative peak area / % 43.0 ± 1.3 18.1 ± 2.3 29.1 ± 1.4 8.55 ± 0.63 1.00 ± 0.35 0.22 ± 0.080 
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Table AF.4 continued…  
 
Table AF.5: Analysis of deconvoluted O1s peaks obtained from X-ray photoelectron spectroscopy measurements with the mean binding energy (eV), 
peak area (eV) and relative peak area (%) obtained for samples reported in Chapter 4. Values are expressed as mean ± SD (n = 5). 
 
o-PDA-f GO Mean binding energy / eV 284.5 285.3 286.51 287.5 288.62 291.02 
Peak area / eV 9.9 ×104 ± 0.20 4.9 ×104 ± 0.11 5.9 ×104 ± 0.23 1.5 ×104 ± 
0.020 
1.5 ×104 ± 
0.011 
5.1 ×103 ± 0.026 
Relative peak area / % 41.4 ± 2.0 20.6 ± 2.1 24.7 ± 3.9 6.1 ± 1.4 5.02 ± 0.78 2.14 ± 0.52 
NH2 DB18CE6-
f GO 
Mean binding energy / eV 284.5 285.4 286.6 287.4 288.8 290.7 
Peak area / eV 9.2 ×104 ± 0.81 3.7 ×104 ± 
0.029 
5.9 ×104 ± 0.38 2.7 ×104 ± 0.21 9.1 ×103 ± 
0.034 
1.5 ×103 ± 
0.0041 
Relative peak area / % 40.9 ± 2.5 16.48 ± 0.23 26.1 ± 1.9 11.8 ± 2.3 4.1 ± 1.1 0.66 ± 0.27 
Sample XPS Parameter O1s peak-fitting data 
C=O C-O O-C=O N-C=O 
GO Mean binding energy / eV 530.3 532.0 534.3 - 
Peak area / eV 1.5 ×104 ± 0.017 3.4 ×105 ± 0.055 7.7 ×103 ± 0.062 - 
Relative peak area / % 4.21 ± 0.58 93.7 ± 2.1 2.10 ± 0.43 - 
COOH-f GO Mean binding energy / eV 530.6 531.9 534.9 - 
Peak area / eV 8.5 ×104 ± 0.067 2.2 ×105 ± 0.019 2.2 ×104 ± 0.0016 - 
Relative peak area / % 26.4 ± 4.1 66.9 ± 4.6 6.8 ± 1.5 - 
EDA-f GO Mean binding energy / eV - 532.4 535.1 531.4 
Peak area / eV - 9.6 ×104 ± 0.10 2.4 ×103 ± 0.076 7.6 ×104 ± 0.72 
Relative peak area / % - 55.0 ± 1.1 1.39 ± 0.31 43.57 ± 0.95 
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Table AF.5 continued…  
 
Table AF.6: Analysis of deconvoluted N1s peaks obtained from X-ray photoelectron spectroscopy measurements with the mean binding energy (eV), 
peak area (eV) and relative peak area (%) obtained for samples reported in Chapter 4. Values are expressed as mean ± SD (n = 5). 
 
o-PDA-f GO Mean binding energy / eV - 532.6 535.2 531.6 
Peak area / eV - 9.5 ×104 ± 0.074 3.8 ×103 ± 0.0014 6.9×104 ± 0.069 
Relative peak area / % - 56.66 ± 0.94 2.26 ± 0.35 41.01 ± 0.94 
NH2 
DB18CE6-f 
GO 
Mean binding energy / eV - 532.7 535.5 531.7 
Peak area / eV - 1.2 ×105 ± 0.0051 7.0 ×103 ± 0.0019 8.8 ×104 ± 0.0090 
Relative peak area / % - 55.25± 0.25 3.3 ± 1.5 41.48 ± 0.52 
Sample XPS Parameter N1s peak-fitting data 
C-NH2 C-NH-C N-C=O 
EDA-f GO Mean binding energy / eV 398.6 399.7 401.2 
Peak area / eV 4.8 ×103 ± 0.061 2.9 ×104 ± 0.33 1.5 ×104 ± 0.11 
Relative peak area / % 9.82 ± 1.3 58.6 ± 4.6 31.6 ± 2.9 
o-PDA-f GO Mean binding energy / eV 398.6 399.9 401.4 
Peak area / eV 1.3 ×103 ± 0.0081 3.4 ×104 ± 0.038 1.3 ×104 ± 0.10 
Relative peak area / % 2.71 ± 0.62 70.6 ± 4.6 26.7 ± 3.2 
NH2 
DB18CE6-f 
GO 
Mean binding energy / eV - 399.6 401.9 
Peak area / eV - 8.4 ×103 ± 0.093 1.1 ×103 ± 0.010 
Relative peak area / % - 88.8 ± 4.4 11.2 ± 3.6 
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Table AF.7: Analysis of deconvoluted C1s peaks obtained from X-ray photoelectron spectroscopy measurements with the binding energy (eV), peak 
area (eV) and relative peak area (%) obtained for samples reported in Chapter 5. Values are expressed as mean ± SD (n = 5). 
  
Sample XPS Parameter C1s peak-fitting data 
C-C/H/C=C C-N C-
O
  
C-Si C=O  N-C=O π-π* 
APTES-
coated 
Fe3O4 
 
Mean binding energy / eV 284.8 285.7 
 
- 284.2 287.7 
 
- - 
Peak area / eV 2.9 ×104 ± 0.053 1.9 ×104 ± 0.018 - 5.1 ×103 ± 0.10 4.4 ×103 ± 0.026 - - 
Relative peak area / % 51.2 ± 1.8 32.29 ± 0.98 - 9.0 ± 2.0 7.60 ± 0.60 - - 
APTES-
coated SiO2 
 
Mean binding energy / eV 284.8 285.7  - 284.3 287.8 - - 
Peak area / eV 3.7 ×104 ± 0.49 3.0 ×104 ± 0.44 - 5.6 ×103 ± 0.029 5.5 ×103 ± 0.027 - - 
Relative peak area / % 50.0 ± 1.3 45.4 ± 1.5 - 2.09 ± 0.52  7.30 ± 0.49 - - 
Fe3O4-f GO Mean binding energy / eV 284.6 285.6 286.6 - 287.6 88.7 290.6 
Peak area / eV 1.1 ×105 ± 0.045 2.3 ×104 ± 0.0030 7.8 ×104 ± 
0.44 
- 1.3 ×104 ± 0.14 1.7 ×104 ± 
0.075 
3.3 ×103 ± 
0.016 
Relative peak area / % 46.2 ± 1.1 9.19± 0.13 31.36 ± 0.57  5.3± 1.0 6.66± 0.45 1.33 ± 0.49 
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Table AF.8: Analysis of deconvoluted O1s peaks obtained from X-ray photoelectron spectroscopy measurements with the mean binding energy (eV), 
peak area (eV) and relative peak area (%) obtained for samples reported in Chapter 5. Values are expressed as mean ± SD (n = 5). 
Table AF.9: Analysis of deconvoluted N1s peaks obtained from X-ray photoelectron spectroscopy measurements with the mean binding energy (eV), 
peak area (eV) and relative peak area (%) obtained for samples reported in Chapter 5. Values are expressed as mean ± SD (n = 5). 
 
  
Sample XPS Parameter O1s peak-fitting data 
Fe-O Si-O-Si O-H O-C=O- N-C=O 
Fe3O4 Mean binding energy / eV 529.9 - 531.2 - - 
Peak area / eV 2.2 ×105 ± 0.0035 - 8.9 ×104 ± 0.020 - - 
Relative peak area / % 71.5 ± 1.2 - 28.5 ± 1.2 - - 
APTES-
coated Fe3O4 
Mean binding energy / eV 529.7 532.1 - - - 
Peak area / eV 1.7 ×105 ± 0.0042 1.8 ×105 ± 0.0072 - - - 
Relative peak area / % 48.7± 1.8 51.3± 2.1 - - - 
 
APTES-
coated SiO2 
Mean binding energy / eV - 532.6 - - - 
Peak area / eV - 4.2 ×105 ± 0.0024 - - - 
Relative peak area / % - 99.90 ± 0.69 - - - 
 
Fe3O4-f GO 
Mean binding energy / eV 529.6 - - 531.4 535.1 
Peak area / eV 4.6 ×104 ± 0.0013 - - 2.0 ×105 ± 
0.0053 
2.4 ×103 ± 
0.0053 
Relative peak area / % 18.90 ± 0.27 - - 80.14 ± 0.26 0.96 ± 0.22 
Sample XPS Parameter N1s peak-fitting data 
C-NH2 C-NH3+ C-NH-C N-C=O 
APTES-
coated Fe3O4 
Mean binding energy / eV 398.9 401.2 - - 
Peak area / eV 9.3 ×103 ± 0.14 6.4 ×103 ± 0.095 - - 
Relative peak area / % 59.5 ± 1.4 40.5 ± 1.5 - - 
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Table AF.9 continued…  
 
Table AF.10: Analysis of deconvoluted Si2p peaks obtained from X-ray photoelectron spectroscopy measurements with the mean binding energy 
(eV), peak area (eV) and relative peak area (%) obtained for samples reported in Chapter 5. Values are expressed as mean ± SD (n = 
5). 
 
 
APTES-
coated SiO2 
Mean binding energy / eV 398.9 400.9 - - 
Peak area / eV 1.2 ×104 ± 0.022 3.0 ×103 ± 0.53 - - 
Relative peak area / % 80.2 ± 1.8 19.8 ± 1.3 - - 
Fe3O4-f GO Mean binding energy / eV - - 399.5 401.6 
Peak area / eV - - 1.0 ×104 ± 0.012 7.9 ×103 ± 0.092 
Relative peak area / % - - 56.3 ± 1.4 43.8 ± 1.2 
Sample XPS Parameter Si2p peak-fitting data 
SiO2 O3-Si-C 
APTES-
coated 
Fe3O4 
Mean binding energy / eV 103.1 99.5 
Peak area / eV 2.6 ×104 ± 0.21 1.0 ×103 ± 0.0082 
Relative peak area / % 96.23 ± 0.83 3.77 ± 0.82 
APTES-
coated SiO2 
Mean binding energy / eV 103.2 99.4 
Peak area / eV 9.0 ×104 ± 0.088 1.8 ×104 ± 0.018 
Relative peak area / % 83.03 ± 0.77 16.97 ± 0.97 
Fe3O4-f GO Mean binding energy / eV 102.9 99.4 
Peak area / eV 2.5 ×103 ± 0.024 2.7 ×102 ± 0.027 
Relative peak area / % 89.9 ± 1.0 10.01 ± 0.98 
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Table AF.11: Analysis of deconvoluted Fe2p peaks obtained from X-ray photoelectron spectroscopy measurements with the mean binding energy 
(eV), peak area (eV) and relative peak area (%) obtained for samples reported in Chapter 5. Values are expressed as mean ± SD (n = 5). 
Sample XPS Parameter Fe2p peak-fitting data 
Fe2p3/2 Satellite  Fe2p1/2 
Fe3O4 
 
Mean binding energy / eV 710.6 711.67 718.5 724.67 732.17 
Peak area / eV 7.3 ×104 ± 0.37 3.0 ×105 ± 0.11 1.4 ×105 ± 0.036 2.1 ×105 ± 0.055 8.6 ×104 ± 0.75 
Relative peak area / % 9.05 ± 0.50 36.91  ± 0.37 17.05 ± 0.26 26.31 ± 0.27 10.67 ± 0.87 
APTES-coated 
Fe3O4 
Mean binding energy / eV 710.1 711.1 719.1 723.9 732.5 
Peak area / eV 3.7 ×104 ± 0.47 1.5 ×105 ± 0.33 1.9 ×104 ± 0.40 8.1 ×104 ± 0.80 1.7 ×104 ± 0.027 
Relative peak area / % 12.3 ± 1.3 48.7± 2.2 6.4± 2.1 26.92 ± 0.99 5.6 ± 1.6 
Fe3O4-f GO 
 
Mean binding energy / eV 710.9 712.1 719.1 724.6 732.9 
Peak area / eV 2.0 ×104 ± 0.31 9.6 ×103 ± 0.13 6.7 ×103 ± 0.069 2.1 ×104 ± 0.20 7.1 ×103 ± 0.20 
Relative peak area / % 15.0 ± 1.5 31.6 ± 1.4 10.4 ± 1.0 32.05 ± 0.98 11.0 ± 2.8 
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